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Abstract 
Aqueous Two-Phase Extraction Systems (ATPES) comprise a liquid-liquid extraction tech-
nique that exploits phase separation phenomenon to recover protein. The two-liquid-phase 
systems are formed when two phase forming agent,s are aclclecl together in certain proportions 
or conditions that exceed a critical, and cu·e under a ma.ximum concentration, temperature 
or pH threshold. In this water-rich system, a protein selectively partitions into one of the 
phases, and this selectivity can be enhanced. Other than offering high yield for protein 
recovery, ATPES also allows continuous steady-state operation with high capacity, easy en-
gineering scale-up, concentration of target species, and most encouragingly, it can directly 
extract product from crude feedstock rnaking integration with upstream processing possible. 
Despite the fact that ATPES has the potential to fulfill the dynamic and evolving clernand 
by indus try as an efficient, huge-scale; primary downstream process to extract protein, there 
are still a limited number of applications at industrial scale. This is clue to the economic 
concerns regarding the arnount of polymer required to extract a small amount of protein 
as some of the polymers are expensive. Furthermore, there are limited design methods 
available compared to other separation techniques used in chemical process industries. 
In this thesis, we present a heuristic design approach to investigate ATPES as a protein 
extraction technique. This work involves developing a thermodynamic modeling framework 
that uses the Flory-Huggins model [52, 77] to calculate the liquid-liquid equilibrium be-
havior in aqueous polyrner mixture and polymer-salt ATPESs. This thermodynamic work, 
based on the minimization of the Gibbs energy of mixing, is able to represent the ATPES 
equilibrium behavior in the presence of a target protein, a contaminant and other phase-
forming components in dilute concentrations within a design range. This work is extended 
to the evaluation of the protein partitioning behavior in these systems. Our work also 
focuses on the development of an efficient Aowsheet simulation and evaluation framework. 
\Ve sirnulate the flowsheets for a.n extraction unit with one and two stages that contain 
ATPESs. \Ve address a. feed feasibility issue encountered in two-stage configurations by 
II 
using a heuristic approach. This flowsheet simulation framework integrates the therrnody-
nmnic framework, heuristic feasible feed calculations and an iterative recycle convergence. 
'\'e develop a cost minimization of the flowsheets subject to the fe<lSible two-phase region 
and the kinetics of the ATPES in the flowsheet, to obtain the optimal design. In the last 
step of our computational work, we describe aJ1 approach to designing cost-optimal flow-
sheets, that balances the requirements for yield, purity, settling kinetics and the amount of 
phase-forming components used. 'Ve demonstrate the application of our work on calcula-
tions for a model system comprising phosphofructokinase and ovalbumin. In addition, an 
experimental model system that is based on the extraction of recombinant green fluorescent 
protein using polymer mixture and polymer-salt ATPESs, is used to test the applicability of 
our framework. 'Ve fit the empirical liquid-liquid equilibrium data to obtain Flory-Huggins 
model [52, 77] pararneters and demonstrate the initial feasibility of the framework to design 
one-stage flowsheet for the protein's ATPES-basecl extraction. "'e also show the possible 
implementation of our approach to design a two-stage extraction unit. '\'e discuss some 
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Chapter 1 
Introduction 
In high-value protein productiou, there are three crucial factors that determine cornrnercial 
success: its quality i.e. its purity, activity or dependability, the time needed to reach market, 
and the cost [176]. Quality is a priority for all types of protein products and is specific to 
their functionality. For new products, the time needed to reach market, hence the process 
development tirne, is important. Cost is more of the main issue for existing products as 
their market monopolization ends with patents expiration. A substantial fraction of the 
total production cost for recombinant proteins comes from the sepMation step; for instance 
the cost of the recovery of therapeutic enzymes can be as high as 80% and indus trial 
proteins, 60% [103, 22]. This is mainly due to the limitations on the practicality of the 
existing protein sepanttion techniques. 
Chromatography [65] for instance, a comrnon method in protein purification protocol 
that involves flowing the mixture containing the desired protein through a. column packed 
with specific materia.l(s), requires high maintenance for the column and rapid turn-over of 
the packing materials. Furthermore, the column can only handle small volume that contain 
small numbers of different components. Hence, this method is not suitable to treat crude 
rnixture such as cell lysate and requires the sample to go through prelirnimu-y purification 
steps. 
Despite the existing clisadvant;tges or limitations, protein chemists still widely use first-
dimensional separation by isoelectric focusing and seconcl-climensiona.l separation by rnolec-
ular weight [20]. 
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Due to the dynamic and evolving needs in the protein product market, an efficient yet in-
expensive, large-scale separation techniques with short process development times is needed 
[142]. Aqueous two-phase extraction systems (ATPES) are one possible unit operation for 
downstream processing. ATPES can be implemented as a primary, initial protein recovery 
process, indicated by the extraction step in Figure 1.1, a.'3 it offers high yield and eliminates 




Waste \Vater Contaminants 
Figure 1.1: A typical bioprocess flow. 
ATPES potential lm'3 been investigated and reported in rnore than 1300 publications 
(search clone with Publviecl [1 i7] in August 2006), elating as early as the 1890s. i'viost 
of these works are of technical and empirical nature. Since the first report by Beijerinck 
[19] and the significant discovery of ATPES by Albertsson [8], three main applications 
of these systerns for the isolation and purification of biomolecules have been considered: 
concentration, pnrification and bioconversion [7]. In the concentration process, the target 
materials and impurities, suspended in dilute solutions or bulk volumes, are transferred 
to phases with small volumes. Some resemchers have reported the possibility of using 
ATPES for extractive bioconversion or reactive extraction to confine substrate in one phase 
with a.n enzyme or cell suspension while the desired product partitions into the other phase 
[112, 119]. l'viany other research work focuses on exploiting ATPES as purification technique 
for proteins [15G, J 10, lGO, 1G5, 147, 12:3], DNA [97, 149], cells [24, 107], virus particles [90] 
and enzyrncs [l:H, 5Ci, 9G, 101, 102, 105, 104]. ln this work, our interest lies in ATPES 
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potential as a protein separation technique. 
1.1 Aqueous Two-Phase Extraction Systems 
Aqueous two-phase extraction systern or ATPES, as the name suggests, is a system that 
consists of two liquid phases that comprise a liquid-liquid extraction technique. vVhen two 
immiscible and hydrophilic phase-funning agents m·e added together in certain proportions 
or conditions that exceed a critical and m·e less than a ma .. ,imum concentration, temperature 
or pH an ATPES can be formed. The agents can be two polymer solutions, or a polymer and 
a lyotropic salt solutions, or two thermoseparating polymer solutions, or two pH-responsive 
polymer solutions. Each of this water-rich phases dominantly contains one of the species. 
The phase separation phenomenon is induced by incompatibility in polymer-polymer 
systems, by Coulornbic interactions in polymer-salt systems [94, 95], by therrnal energy in 
thermoseparating polymer systerns and by pH changes in pH-responsive polymer systems. 
Examples of these systems are polyethylene-glycol (PEG)-dextran (Dx), PEG-potassium 
phosphate, ethylene oxide-propylene oxide (DOPA) [168, 97, 96, lll, 131] and polydi-
allyamino etha.noate-dimethyl sulfoxide (PAEDS) [174, 17:3, 55], respectively. 
vVhen the phase-funning components are added together, the molecules in the system 
interact with one another, forming new bonds and rearranging themselves 111 the system 
until the system attains the lowest Gibbs energy and therefore its equilibrium. For an 
ATPES with compositions that lie in the two-phase region, equilibrium is reached when the 
irnrniscible components <Ue separated from each other and form two liquid phases. This is 
beca.use the interaction between two unlike polymer species is repulsive, leaving the system 
at the energetically most favorable state when the two polymers are separated. Hence, 
phase separation occurs when the interactions between the phase-forming components are 
unfavorable enough to overcome the loss in entropy of demixing. This is represented by 
Equation (1.1); basica.lly the cornponents rnix together and forrn;,. rniscible mixture when 
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t!.Gmix ::; 0 or they separate and form two liquid phases when t!.Gu>ix > 0. 
(1.1) 
The Gibbs energy of mixing is the driving force behind the phase separation phenomenon 
in ATPES, with the interactions between the components contribute toward the enthalpy 
of mixing t!.Hmix and the entropy loss t!.Smix is clue to the segregation of the molecules in 
the systems. In ATPESs, phase separation is highly dependent to the enthalpic clornination 
by the polymers, clue to their high molecuhu· weights [3, 18, 9]. 
Generally, the interactions are cleterminecl by the chemical nature of the polymers such 
as molecular weight and polyclispersity, the solution conditions including salt type and 
concentration, pH and temperature. Hence any calculation or theoretical prediction of the 
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Figure 1.2: An example of a phase diagram for an ATPES. 
The phase separation behavior can be represellted by a phase diagram such tL5 the one 
shown in Figure 1.2. The figure shows a typical binoclal curve and tie lines for a11 ATPES. 
The region above the binodal curve denotes the compositions where a. mixt11re is subject 
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to phase separation and exists as two liquid phases at equilibrium. The region below the 
binodal curve is the single-phase region. The critical point C represents the threshold 
compositions beyond which immiscible phase formation occurs. At this concentration, the 
two-ph;tSe system is most unstable and sensitive to changes in its total composition; addition 
of a very small amount of water transforms the system to a homogeneous solution. vVithin 
the two-phase region, mixtures with compositions located on the same tie line separate 
into similar phase equilibrium compositions, hence they have identical partition coefficients 
and selectivity for any given additional component. For instance, any mixture with an 
overall composition that lies on tie line TAB, such a.o; composition A, yields ph<tSes with 
top and bottom ph<tSe compositions T and B respectively. However, these ATPESs have 
different phase volumes, depending on the location of the composition on the tie line. This 
results in a different purification factor for the additional component. As the tie line length 
(TLL) incre<tSes, the difference between the cornpositions of the two pha.o;es increases a.nd 
partitioning becomes more pronounced. 
Partitioning performance is not the only factor needed to be considered when choosing 
the ATPES for protein separation. \Ve also need to consider the settling time or rate in the 
ATPES. This is because the major factor impacting throughput in ATPES is time required 
for phase sepm·ation or settling to occur. Larger settling rates permit larger throughputs. 
For instance, the sep<uation of glucose isomerase from :33.7 L Strepto·myces species cell 
debris required 15 hours of settling time in a PEG-phosphate systern [79]. For the recovery 
of formate dehydrogemtSe from Candida boidinii in a 120 L PEG-phosphate system, it 
took 30 minutes for phase separation in absence of cell debris [106], and 10 to 20 hours 
for settling and phase clarification process for the same experiment containing 20 w /v % 
cell homogenates [104]. To capture the settling rate, the kinetics of ATPES must also be 
studied. Plwse sepm·ation in ATPES has also been described <L'i the movement of complex 
microphases where one a.nd multiple globules of individual phases coalesce into streams 
[14'1, 51, 145, 146]. The kinetic behavior depends greatly on which phase is the continuous 
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phase and that the properties of that phase strongly influence the movement of the drops of 
the dispersed phase and hence the phase separation phenomena [121, 92, 93]. This means 
the location of the tic line affects the kinetics of the phase sepm·ation: the rate of phase 
scpanttion increases with increasing TLL. This is because as TLL increases, the density 
difference between the phases [15], the interfacial tension [16] and viscosity of the system 
increase. lVIixtures with compositions ncar the binodal curve take a long time to phase 
separate and reach equilibrium due to the small density difference between the phases. 
Similarly, a long time is needed to reach equilibrium for mixtures with compositions fm· 
from the binoclal curve, or longer TLL, as the viscosity in these systems is high. 
There are also economic concerns on the arnount of polyrners required to extract a small 
arnount of protein as some of the polymers such as dextran m·c expensive [21, 22, 105, 102]. 
Therefore, the best ATPES to be used to extract a specified protein is clcpcnclent on 
many factors. 
1.2 ATPES as a Protein Separation Technique 
ATPES comprises a liquid-liquid extraction technique that exploits phase separation phe-
nomenon to partition a. desired protein away from cell debris or other substances. In these 
systems, any biological compound preferentially pmtitions into one of the phases due to its 
interaction with the main component of the phase. This selective behavior is the basis of 
the cxtr,tction of a specific protein using AT PES [7]. Figure 1.3 illustrates the phenomenon 
of phase scp<u·ation in an ATPES that contains water, PEGlOOO and phosphate buffer salt. 
Preferential partitioning of a cyanine dye, Di8Cd5}, into the top PEG-rich phase is clue to 
its net attraction to the PEG. 
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Figure 1.3: Phase separation behavior in an aqueous-two phase of water. PEGlOOO and 
phosphate buffer salt and partitioning behavior of a cyanine dye in the system. 
The partitioning behavior of a component in ATPES is defined by its partition coefficient. 
which is the ratio between the equilibrium concentrations in the top. c:op-phasl:. and bottom. 
C~ottom-phast. phases. According to the semi-empirical Bronsteadt [26] equation given in 
Equation (1.2). any molecule will accumulate in the phase where the greatest number of 
favorable interactions is achieved. minimizing the energy content of the system. 
K _ (>. AHV,) 
'- exp kB T (1.2) 
Here AJW, is the molecular weight of the protein. kB is the Boltzmann constant. T is the 
absolute temperature and >. is a lumped parameter that captures other protein properties 
such as the surface charge. molecular size. molecular conformation, biospecificity and hy-
drophobicity. Other factors of influence are the properties of the polymers, type of salt 
present and environmental conditions including pH and ionic strength. This expression 
describes an exponential dependence of the partition coefficient on the protein molecular 
weight and other properties. Large proteins are likely to have large Ki values, resulting in 
high size selectivity. As the partition behavior of a protein is exponentially dependent to 
its characteristics [7. 26]. ATPES offers high degree of selectivity and hence is an efficient 
recovery technique for industrial and therapeutic proteinb. 
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The partitioning capabilities of these systems can be further enlutnced by modi(ying the 
characteristics of the phase-forming components. For instance, the partitioning behavior 
of a highly hydrophobic protein can be incre<lsed or adjusted by modifying the hydropho-
bicity of the phase-forming polymers [84J. Enhancement in the partitioning behavior for 
a protein with a highly specific affinity can be accomplished by binding specific ligands to 
the polymers. One instance is by attaching a dye-ligand [178, 179, lOOJ or a metal affin-
ity ligand [117, 62j to the polymers. Extracting proteins using thermoseparating polymers 
allows manipulation of the partitioning behavior using heat [168, 97, 96, 111, 131J. Often 
cosolutes such as salts and surfactants are added into these thermoseparating ATPESs to 
promote the partitioning performance [38, 64, 134j. Partitioning of biornolecules in ATPES 
can also be promoted into one of the phases by adding salt [114, 89J, or non-ionic detergents 
[33, 131, 124J, or fusing hydrophobic tags to target proteins [50, l~H, 130, 49, 32J. 
ATPES h<lS several advantages over other extraction methods. Due to the high water 
content of the phases i.e. typically more than 70% [7J, these systems provide a mild envi-
ronment for biologically active proteins, thus avoiding denaturing. These systerns also have 
low interfacial tension i.e. between 0.0001 and 0.1 dyne·crn- 1, giving a large interface for 
m<lSS transfer [172J. ATPES also offer good resolution factors and activity yields [7J. And, 
the industrial equipment and rnethods of existing conventional organic ph<L5e extraction can 
be e<lSily adapted to ATPES [14:3J. ATPES also allow continuous stf,ady-state operation 
with high capacity [160, 96, 161, :34, 66, 22, 25, 141, 12, 105, 102, 101J, i.e. up to 40 g-L -I 
using affinity partitioning systems, easy engineering scale-up [7J and ability to concentrate 
target species. Other advantages are ATPES can directly extract product frorn crude feed-
stock simply by adding plulSe-forrning components [116, 113, 96, :39, 153, 151 J, consequently 
offering possibilities for integration with upstream processing [152, 113j. A.TPES has been 
explored by industry for the extraction of recombinant proteins, for instance in a purificatiou 
process developed by Genentech, Iuc. for insulin-like growth factor-! [28, 66j. JVIoreover, 
there have been reports on product yields in the range of 50 to 90% for protein purifi-
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cation using two-stage extraction unit that was based ATPES [22, 35, 102, 104, 105, 76]. 
For instance, Kula et al. [104] compared the performance of enzyme formate dehydrogenase 
preparations using ATPES with a conventional precipitation-chromatogntphic method. The 
yield was improved from 51 to 70% and the cost index (DM ·unit- 1) went down by 53 times 
by using ATPES [104]. There have been other economic studies on the operation of extrac-
tion process that was based on ATPES that indicate its economic potential [21, 22, 105, 102]. 
On the other hand, ATPES has some disadvantages. For one, the selection of pha.>e-
forming agents can be exhaustive as there are many tunable panuneters, and efforts are 
mostly empirical and intuitive with many possibilities. Moreover, the selectivity for a 
protein in ATPES can be low in the absence of affecting interactions [7]. The most suitable 
and the best ATPES to be used must be of phase-forming components with much different 
affinity for the target protein. To fully exploit the partitioning performance in the ATPES, 
the target protein and the contaminating particles should differ in their characteristics 
[7]. Of course, operational costs are <m important consideration in choosing ATPES as a 
bioseparation technique. The realization of ATPES as a new protein sepm·ation technology 
at industrial scales must be demonstrated not only by its technical potential and feasibility, 
but also by its economics [21, 22, 105, 102]. There are also concerns on the environmental 
impact due to the large consumption and hence waste of polyrners that must be used. 
Throughput in ATPES is dependent on the tirne required for phase sep;u·ation or settling 
to occur [79, 121, 92, 93]. Furthermore, design methods with thorough assessment on 
product and process performance m·e limited compared to other separation techniques. 
1.3 Motivation 
A preliminary design study on ATPES potential as an alternative, low-cost, short develop-
rnent time, high throughput bioseparation technique is warranted. \Ve believe tha.t computer 
simulation and design work that is based on a genera.! approach can lead to a wider but less 
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expensive research. There exist many possible ATPESs that perform differently for differ-
ent proteins, in terms of its partitioning behavior in the ATPES, making the search space 
large. Significant empirical data, along with extensive modeling efforts, and computation 
resources allow preliminary design work such ;ls ours to evaluate the practicality of ATPES 
as a primary protein recovery technique. 
1.4 Scope of Work 
Our work focuses on the modeling and simulation of thermodynamic behavior of two types 
of ATPES i.e. aqueous polymer rnixture and polymer-salt systems, and the simulation, 
. evaluation and optimization of ftowsheets of ATPES-based extraction unit for a specified 
target protein feed within a design range. In this work, we 
1. develop an autonomous and robust framework to calculate the equilibrium behaviors 
in the two types of ATPES within a design range, 
2. integrate the framework and heuristic a.pproaches into flowsheet simulation and evalu-
ate the performance of the flowsheet in terms of purity and yield of the target protein, 
and estimate the cost factor and the settling rate for the ftowsheet, 
3. implement ftowsheet optimization based on the flowsheet simulation work, 
4. set up an empirical rnodel system that is based on the extraction of recombinant green 
fluorescent protein from Esche.,.ichia coli lysate using ATPES, and 
5. demonstrate the applicability a.nd practicality of the work using two model systerns: 
a system of phosphofructokinase and ovalbumin, and a system of gTeen fluorescent 
protein in Esche1·ichia coli lysate. 
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1.5 Thesis Overview 
This thesis covers the simulation, evaluation and optimization of protein extraction process 
using ATPES. The organization of the thesis is as follows: 
Chapter 1: \Ve provide an overview of the demand for an efficient and inexpensive protein 
separation technique. \\1e introduce ATPES as a potenti;LI technique and describe the 
phase equilibrium behavior that is exploited for the sep;uation purposes. 
Chapter 2: vVe present therrnodymunic modeling of aqueous polymer mixture and polymer-
salt systems. \Ve discuss the issues we faced and our solution steps. \Ve present the 
results for t,he case studies we selected. 
Chapter 3: Here we discuss the flowsheet simulation developed for the protein extraction 
process that is based on the ATPES. \Ve expand the thermodynamic framework to 
be robust ;tnd dependable within a design range in calculating the equilibrium be-
havior in ATPES containing small <WJOt.mts of target protein, contaminant and other 
components. vVe present a heuristic approach to autonomously and simultaneously 
calculate feasible feeds and converge recycle loops. 
Chapter 4: To find the optimal flowsheet designs, we formulate a cost minimiz;ttion for 
selected Howsheets that envelopes the flowsheet simulation and evaluation. 
Chapter 5: \Ve present our experiment results on the extraction of recombinant green 
fluorescent protein using ATPES. \~'e fit these results to get model parameters needed 
for our simulation work. \~ie next run our flowsheet simulation and optirnization on 
the system to demonstrate the feasibility and applicability of our computational work. 
Chapter 6: Here we summarize our work, accornplishments and possible future direction 
for this work. 
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Appendices: \Ve include the details of the development of the Gibbs energy of mixing min-
imization approach for the LLE calculation, the panuneters we used in the thesis and 
the fitting work performed on the experimental data to obtain the model pm·arneters. 
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Process Modeling and Simulation 
2.1 Introduction 
\'Ve must first mathematically represent and capture ATPES behavior as well as how a 
protein partitions in these systems before we can design the optimal ftowsheets that exploit 
the ATPES behavior to extract a t<U"get protein. 
There have been many efforts in modeling the liquid-liquid equilibrium (LLE) behavior 
in ATPESs. These studies typically involve adapting thermodynamic models to represent 
and capture the phase behavior, many of these approaches are mentioned in Section 2.2. 
\Ve choose to use a fundamental thermodynamic model, the Flory-Huggins (FH) polymer 
theory [52, 77] for this purpose. Several previous studies have based phase composition 
calculations on the FH theory [87, 71, 158, 74, G, 40, 41, 42, 135, 136, 99]. Formally, the 
LLE behavior of ATPES can be determined by finding the phase compositions at which 
the components chemical potentials m·e equal between the phases; in practice, the chernical 
potential differences between the phases are minimized [57, 182, 10, 74] . .Johansson et al. 
reported a thermodynamically equivalent approach of calculating the pha.'3e compositions 
in ATPES by minimizing the Gibbs energy of mixing using the FH theory [86, 88, 86, 85]. 
However, their work was implemented in 1Vlicrosoft Excel, a spreadsheet program, and it 
was non-autonomous and non-robust since it required manual input of good starting points 
for each desired set of phase equilibrium calculations. 
This chapter presents our modeling and sirnulation of the equilibrium behavior of the 
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ATPES that aims to 
1. represent and calculate the equilibrium compositions of two common types of ATPES, 
aqueous polymer-mixture and aqueous polymer-salt systems, using FH theory; 
2. represent and calculate the partition coefficient of a target protein in these systems; 
3. calculate the partition coefficient of the target protein in these systems in the presence 
of lumped contaminants. 
vVe present a Gibbs energy of mixing minimization approach to calculate the liquid-
liquid equilibrium (LLE) behavior in the ATPES. vVe demonstrate the applicability of our 
approach by simulating the thermodynamic behavior of water-PEG6000-DxT500 and water-
PEG6000-Na:3P04 systems containing phosphofructokinase and ovalbumin. \Ve briefly dis-
cuss some issues involved in solving for the LLE compositions and present rnethods and 
steps taken to achieve robust, accurate and reliable simulations. Vle solve the minimiza-
tion problem and compare the solutions obtained by using three different solvers to ensure 
accuracy. vVe also compare our results with the calculations of .Johansson [87) and the 
experimental data of Albertsson [9). 
2.2 Modeling of Liquid-Liquid Equilibrium Behavior 
The LLE compositions of an ATPES can be calculated based on the requirement that the 
Gibbs energy of mixing for a multicomponent, closed system be at a minirnum at equilibrium 
for constant temperature and pressure. Figure 2.1 gives a generic plot of the Gibbs energy of 
mixing of a binary system versus the overall system composition. The gray curve represents 
the Gibbs energy of mixing profile for a simple phase system as a function of composition. 
The composition-weighted surnmation of the Gibbs energies of mixing of phases I and II, 
which is indicated by the black point, is lower than the Gibbs energy of mixing tha.t co11ld 
be attained if the system clicl not phase-separate. Hence, the systern separates into two 
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liquid phases to reach equilibrium. At equilibrium, phase I is at composition x 1 and phase 
II is at composition x 11 component 1, which are the LLE compositions for the system. This 
is illustrated in Figure 2.1; the tangent between the minima of the Gibbs energy of mixing 
at x 1 and x 11 , indicated by the black line, gives a lower value at overall composition :c than 
does a single phase system with compositions x. Hence, the system with overall composition 






Figure 2.1: A schematic representation of the Gibbs energy of mixing surface for a binary 
system. 
Given either an equation of state for the solution or a description of the enthalpy and 
entropy changes on mixing, the Gibbs energy of mixing and in turn, the LLE behavior of 
an ATPES can be computed. 
Approaches to modeling the component equation of state and/or mixing behavior in 
ATPESs include: osmotic virial expansion as proposed by Edmond and Ogston [47) and 
expanded by lVIcMillan and !viayer [120) and Hill [70); lattice theory in which a liquid rnix-
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ture rs modeled to be solid-like as in a quasi-crystalline lattice [60] such as the classical 
polymer solution theory of Flory [52] and Huggins [77] (FH), UNiversal-QUAsi-Chemical 
(UNIQUAC) model [4] and Guggenheim quasi-chemical approximation and Non-Random 
Two-Liquid (NRTL) model [148]; and integral equation theory that combines the Ornstein-
Zernike integral equation [133], the Boublik [23] and Mansoori et al. [118] equation of state, 
perturbation theory, the ?vicMilla.n-Mayer osmotic virial expansion and other elements. The 
diversity of modeling approaches <Uises from the different concepts behind the models. Each 
model has its own strengths and limitations because it usually represents only selected as-
pects of the LLE behavior for specific types of phase-forming systems. Among important 
factors that should be considered when choosing a suitable model are the number of pa-
rameters required, parameter availability, the work required to obtain the p<u·;uneters if not 
available, the model's robustness to describe systems over a wide range of conditions, the 
,wailability and viability of the computational work needed to generate tie lines and the 
robustness of the computational tool. 
In our work, we applied the classical polymer theory proposed by Flory and Huggins 
[52, 77] to represent the Gibbs energy of mixing in aqueous polymer rnixtures and aqueous 
polyrner-salt systems. Once we captured the Gibbs energy of mixing in mathematical form, 
we were able to compute equilibrium phase compositions and the partition coefficient of a 
target protein in the system. \Ve chose this theory because of its simplicity and the limited 
number of pararneters required, which is .,.,.J, where rn is the number of components in the 
systern. !VIost importantly, it provides good mechanistic insight into the phase formation 
phenomena [172, 61, 29] as well as satisfactory qualitative prediction or correlation for 
measured phase equilibrium compositions [61, 91, 87] and partitioning behaviors [172, 9, 
40, 87]. Also, FH theory has been extended to account for plwse formation in polymer-salt 
systems [71, 87]. 
The FH expression for the Gibbs energy of mixing is based on a lattice theory that 
suggests that a. polymer solution can be represented by a lattice of sites, each of which is 
CiiAPTEH. 2. PROCESS l'viODELING AND SiMULATION 16 
2.2 i'vloDELING or LIQUID- LIQUID EQUILIBRIUM BEHAVIOR 
occupied by either a solvent molecule or a polymer segment, as illustrated in Figure 2.2. In 
this figure, each box represents a lattice site, each circle represents a polymer segment in a 
chain and empty lattice sites are filled with solvent molecules. The fraction of the lattice 
occupied by polymer segments is given by volume fractions ¢; with i = 1, 2, ... , -rn where 
m. is the number of polymers in the solution and the solvent volume fraction is given by 






~--' 'I' 'I 
Figure 2.2: A schematic, two-dimensional lattice representation of a polymer solution. 
This theory accounts for excluded volume effects as no two segments can occupy the 
same lattice site and the segments each have finite volume. This theory also accounts for 
free volume effects: diffusion is allowed and the number of lattice sites matches the solution 
density. The theory otherwise has physical discrepancies: the solvent molecules are <1Ssmned 
to have a diameter equivalent to that of a polymer segment; the chemical structure of the 
polymer segment is lost as it is represented <~~ a sphere; the conformations of the polymer 
chain and the solvent are forced to be identical by the geometry of the lattice site, thus the 
polymers are assumed to be monodisperse while the solvent is monomeric; and no volume 
change is assumed to occur upon mixing, i.e. volume exclusion effects are complete. 
Based on the lattice theory, Flory [52) and Huggins [77) expressed the Gibbs energy of 
mixing, on a molar basis, for an aqueous system containing n types of polyrner as 
"' "' 
-k '\"" 6.G = L L Wi.J ¢7 ¢J + 
j=i+Lj#i 
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where k indicates top phase or bottom phase, ¢7' is the volume fraction of component ·i. in 
phase k, T; is the degree of polymerization of component i, and w;,j is the effective pair-wise 
interchange energy between component i and j. Positive values for the interchange energy 
indicate endothermic net attraction and negative values represent an entha.lpic repulsion. 
T is the absolute temperature and R is the universal gas constant. Flory [52] and Huggins 
[77] described the enthalpy of mixing as the summation of the individual net enthalpy 
cha.nges associated with the formation of interactions between the polymer segments and 
solvent, at the expense of breaking the interactions between the same components in the 
pure state. This energy is represented by the first term on the right hand side of Equation 
(2.1). The entropy of mixing is defined as the change in entropy clue to the number of 
possible ways of <UTanging or packing the polyrner segments and solvent molecules in the 
lattice. This is expressed in the second term on the right hand side. It is assumed that 
an ATPES is sufficiently represented by the liquid lattice model and has ideal entropy of 
mixing behavior with the interaction parameters taking into account any deviations from 
ideal solution behavior. This model has been validated for PEG-Dx systems by Gustafsson 
et al. [61] who reported that the most important factor in phase separation is the interaction 
between polymer segments rather than polymers' shapes, sizes or excluded volumes. 
The total Gibbs energy of mixing for systern k, 6C~,ix or 6Gk is given by the product 
k --k N · · 6G . The total Gibbs energy of mixing for a two-phase system is calculated using 
Equation (2.2), 
f:::J.G'-wo-plw.sc = JVI.op-phasc . LJ.GI.op-phuse + JVboltmn-phase . LJ.GboU.oul.-plw.se. (2.2) 
Here Nk represents the total moles of lattice m phaBe k and is calculated using Equation 
(2.:~). 
HI. 
Nk = L'~~·7 ·T; (2.3) 
where n7' represents the moles of component ·i in phaBe k. The volume fraction of cornponent 
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i in phase k is calculated using Equation (2.4), 
·nk 1· k i . i 
c/J; = JVk . (2.4) 
One criterion of phase equilibrium is that the chemical potential of each component in 
each phase is equal at equilibrium, and similmly that the changes in chemical potential on 
mixing are equal, 
" top-phase A bottom.-plwse 
LJ.IL; = L.l.Jl.; . (2.5) 
Based on Equation (2.1), the chemical potential change on rnixing for each component in 
the phases is computed <lS 
(2.6) 
(2.7) 
Nk (-r, 1~ f ¢j · cp~ · Wj,l + 'I'; f cfJj · ( 1 -
J=l(n'•) 1=1 +1(/;i•) j=l(#i) 
cp~') · Wi,j) 
( 
m cp~) + Nk T R lncp~ + 1 - r; L --; · 
j=l l 
(2.8) 
Tl LLE · · I _;.top-pha.>e l _;.bottom-phase tl · ] · · "Gtwo-ph"se 1e compositiOns are t 1e 'Pi anc 'Pi • mt g1ve t 1e mJmrnum L.J. ' · • , 
or the ma:ximum (t.cone-phase - L".G1·wo-phnse) [87, 89, 86], or equivalent chemical poten-
tial changes on 1nixing between the phases 6.p.:op-plw.se = 6.p.~oll.om-ph"·'" [57, 182, 10, 74]; 
these are equivalent equilibrium criteria. 
The parameters wi,j and Ti that are embedded in the enthalpic term and entropic term 
in Equations (2.1) and (2.8), respectively, can vary by orders of magnitude and by nature 
(positive or negative) between the components. Hence, the values of the Gibbs energy 
of mixing and chemical potential changes on mixing arc affected by each component to 
different extents. This creates a scaling problem in optimization work that involves FH 
cxprcssious for the Gibbs energy of mixing or chemical potential changes on mixing [164, 
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5, 158, 57, 74, 85]. The details of our effort to reduce this scaling issue in our Gibbs energy 
minimization work are presented in Appendix A.3. 
\Ve set up two different approaches to calculate the LLE compositions that are based on 
this criterion: 
Partial enumeration search of the minimum Gibbs energy of mixing difference. 
\Ve attempted this approach initially as the Gibbs energy of mixing difference surface 
is neaJ·ly flat in some regions, there are many local minima and the global optimum 
is difficult to solve for especially using a gradient-based seaJ·ch method. A p;u·tial 
enumeration approach may find a global optimum in the search region but there 
are some limitations to this method. One is obviously the high computational cost of 
searching the space. The second is that we need to know beforehand where to constrain 
the search and hence where the solution lies. Thirdly, the enumeration loop has t,o be 
constructed manually every time for every additional space or variable that we want 
to enumerate or grid. Lastly but most importantly, the scaling problem requires us to 
know the correct enumeration extent for each v;u·iable, hence limiting the success of 
this approach in finding the equilibrium compositions for a multi-component systern. 
Minimization of Gibbs energy of mixing difference. \Ve transform the problem into 
a minimization problem to create a more generalized and autonomous approach. In 
this work, there is no construction of loops, allowing automaticity in the computation. 
The solution time can be reduced when choosing good initial points and good scaling. 
\Ve were able to set up a minimization approach that is stable and reliable for a 
confined set of scenarios. 
\Ve discuss the approaches and the case studies in detail in the next sections. 
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2.2.1 Partial Enumeration Search 
In this work, we computed the LLE compositions for a three-component system of aqueous 
polymer mixture and approximated the paJ·titioning of the tm·get protein, the fourth com-
ponent, in the dilute limit. The partitioning behavior of the protein and the LLE behavior 
of an ATPES are independent of the protein concentnction at low protein concentrations 
[3, 172, 159, 87, 40]. For instance, Schmidt et al. [159] used 0.5 to 14 g protein per kg 
phase system. Rito-Palornares and Lyclcliatt [150] reported a study on the influence of cell 
debris on the operation of two-stage ATPES for the recovery of yeast bulk protein, pyruvate 
kinase and fumarase. They reported [150] that the disrupted, resuspended cell homogenate 
used in their work contained 4.0 to 10.0 mg·ml- 1 bulk protein, 4.0 to 8.0 U·ml- 1 pyruvate 
kinase and 3.5 to 4.0 U·ml- 1 fumarase. Kroner et al. [103] reported that the typical cell 
concentration used in their work was in the range of 20 to 35% wet cell mass, however most 
of these were not optimal cell concentrations. Furthermore, .Johansson et al. [87] used 0.01 
% voljvol of protein in their calculations that was based on the experimental work clone 
by Albertsson et al. [9]. A summm·y of this approach is given by the flowchart in Figure 
2.3(a). For a pre-specified overall mixture composition, we calculated the change in the 
Gibbs energy on mixing for the one-phase system, /::,.Gone-phase using the FH theory. \Ve 
then generated all possible tie lines that intersect the mixture composition by enumerating 
putative tie line angles, between 1 and 89 degrees. Next we griclcled the compositions on the 
right <Lild left side of the mixture composition along each putative tie line in the specified 
region. This is illustrated by the picture in Figure 2 .3(b), where the gray region reflects our 
sem·ch focus that contains all possible pha.~e compositions for the mixture. The composi-
tions on the lower right side are possible compositions for the bottom phase, and those on 
the upper left side are possibilities for the top phase. 
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(a) Flowchart for the approach (b) Enumeration of possible LLE composi-
Lions 
Figure 2.3: Partial enumeration approach. (a) The flowcluu-t summarizes the calculation 
steps in the approach. (b) The picture illustrates the enurnen<tion of possible top-phase 
and bottom-phase compositions for the mixture. 
\Ve calcuh<ted the changes in Gibbs energy on mixing of the paired phases c,.ctop-plw.se 
and c,.cbottom-phnsc and the totft! energy changes using the lever rule 
CiGI.wo-plwse = 0'. Cl.Glop-phaBc + (1 _ a). ~Gbottorrt-phase (2.9) 
, . ·. _ . , ( 6 ctop-plwse.) _[.6.c.·one-pflase_.o,(;bottom-phase[ ., . . ·' .. , . ., \\ he1e 0:- S?.gn D..Gone phase j.6.Gtol' phase_.o.c;bottom phase!' Equct.t1011 (2.9) defines the toL:d 
Gibbs energy of the two-phase system <1.'3 the linear combination of the Gibbs energy of 
the ph<l.Ses, and the parameter o: is the relative Gibbs energy between the mixture and the 
two p!ul.Ses. The numerator in this equation is the difference between the Gibbs energy on 
rnixing in the top pluLse and the Gibbs energy on mixing in the mixture. The denomim<tor 
is the difference between the Gibbs energy of rnixing in the top ph<l.Se and that in the bot-
tom phase. The generic derivation of this equation is given by Hauan et a.l. [67). \Ve then 
ca.lcula.ted the difference in Gibbs energy or mixing between the one-piHLSe and two-phase 
systems for all possible combinations or top a.nd bottom phase compositions generated. The 
Cii!\I'TER 2. PROCESS i'viODELING AND SI~IULATION 22 
2.2 MODELING OF' LIQUID- LIQUID EQUILIBRIUM BEHAVIOR 
equilibrium compositions for the ATPES m·e the combination of top and bottom phase com-
positions giving the most negative value of (6.Gtwo-phase- 6.Gone-phase) and smallest value 
f. II" top-ph.nse " bottom-phase II "t] t] d"t" t] t "Ghvo-phase < "Gone-phase 0 L.J.cL; - w.cL; , WI 1 Je COil I lOllS Ja w. . w. 
and the top and bottom phase compositions are not equal. The final condition eliminates 
· · ] ] · 1 f Ifill 1\ top-phase " bottom-phase tnvm so utwns t 1at u w.J.L; = w.?L; . 
Aqueous Polymer Mixture Systems 
\Ve used a case study presented by Johansson et al. [87] to demonstrate the applicability of 
this approach. For the case of an ATPES comprising two polymers in aqueous solution, we 
chose to model the water-PEG6000-0xT500 system using the parameters listed in Table B.l. 
In the calculation, we assumed that this system was a three-component system, containing 
water, PEG6000 and OxT.500. \Ve constructed three loops that enumerated the composition 
space for water, PEG6000 and OxT500 each time. \Ve focused our se<u-ch within the 0- 30 
voljvol % region in the composition space for PEG6000 and OxT500, a feasible region for 
two-phase occurrence for this system [87, 7]. 
\Ve were able to calculate the LLE compositions for the PEG-Ox system and the results 
obtained rnatchecl well with the results reported by Johansson et a.l., who implemented the 
Gibbs energy of mixing minimization approach [87] in a i'viicrosoft Excel spreadsheet. This 
comparison is shown in Figure 2.4. \Ve griclclecl overall mixture compositions along two 
search lines indicated by the green and cyan points. \Ve next calculated the equilibrium 
compositions for these mixtures, indicated by the blue and red points, for sem·ch lines 1 and 
2 respectively. The LLE compositions are consistent with those reported by Johansson et 
o.l. [87] which are denoted by black lines and points. Ox concentrations in the top phase 
are shown to be very small in Figure 2.4, indicating that most of the Ox partitions to the 
bottom phase. PEG otherwise partitions to the top phase. This is clue to the unfavorable 
interaction parameter between PEG and Ox and the high degree of polymerization of the 
Ox as listed in Table B.l. In the PEG-Ox system, the phase separation can happen when 
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the repulsive energy between the components overcompensates the small favorable entropy 
of mixing [87]. Furthermore, a huge component that has hu·ge degree of polymerization IS 
prone to have extreme pmtitioning behavior [87]. 
\Ve then used the same approach to calculate the equilibrium compositions for the AT-
PES containing phosphofructokinase. \Ve used the same enumeration method for the three-
component system and added another loop to enumerate the protein's compositions within 
the enumeration loops of the other compouents' compositions; we approximated the par-
titioning of the target protein phosphofructokim1Se, the fourth component, in the dilute 
limit. This permitted us to use a simplified mathematical representation to calculate the 
partition coefficient [172, 87]. In this approximation, the LLE behavior is expected to be 
independent of the presence of the protein. 
However, this approach failed to yield the correct equilibrium compositions as reported 
by .Johansson el a.l. [87]. The scaling issue meant that we needed to consider a different 
enumeration (grid spacing) for each cornponent that cannot be easily and directly calculated. 
Moreover, the additional enumeration loop had to be constructed manually each time a 
new component was considered, making the computation non-autonomous. This hinders 
automaticity and integration into the higher level work comprising our next focus. Other 
matters of concem were that this approach required the search to be performed very uea.r 
to the known solutions and that it had long execution times. Consequently, this approach 
was abandoned. 
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Figure 2.4: Comparison of the PEG6000-DxT500 phase diagram calculated using the partial 
enumeration approach with that reported by .Johansson et al. [87]. 
2.2.2 Minimization of Gibbs Energy Difference 
As an alternative, we have developed a non-linear programming (NLP) formulation to min-
imize the Gibbs energy of mixing difference, t:;.Gtwo-phase - t:;.Gone-phase. In this approach, 
we account for m components simultaneously by using a vector of design variables with the 
size of 1 x nt. The design variables were the mole fractions of the components in the bottom 
phase, /;,and we pre-specified the total moles in the system, N. The relationship between 
CHAPTEH 2. PROCESS lVIODELINC: AND SIMULATION 25 
2.2 i'v!ODELING OF LiQUID-LIQUID EQUILIBRIUM BEHAVIOR. 
the design variables and the total number of moles is given by Equations (2.10) and (2.11). 
N 
1vtop-phase 
1ytop-phnse + Nbottom-ph.a.se 
(1 - /;) · N. 
(2.10) 
(2.11) 
Here JVtop-ph.a.,e and JVbottom-plwse are the total moles in the respective phases. vVe calcu-
lated the moles of component i in each phase using Equation (2.3) and the volume fraction 
of component ·i using Equation (2.4). 
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Here 6.fL7 is the change in chemical potential on rnixing for component ·i in phase k, and 
Wi is the static weighting factor for the chemical potential difference between the phases 
for component i. vVe added the chemical potential difference term as a penalty term to 
the original objective function, as shown in Equation (2.12), because the Gibbs energy of 
mixing difference surface alone is too flat, hindering this approach from finding the global 
minimum. There also exist more than two inflection points where the tangents between the 
smaller inflections give false local minima. 
vVe solved for the top and bottom phase compositions, ¢f, between the lower and upper 
bounds on the two-phase region that gave chemical potential differences for each component 
between the phases below a set tolerance (Equation (2.1:3)). \Ve added constraints on the 
PEG and Dx compositions (Equations (2.15) and (2.16)) and the Gibbs energy of mixing 
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difference for the phase separation (Equation (2.14)) to avoid the trivial solution of equal top 
and bottom phase compositions. The PEG concentration in the top phase was constrained 
to be higher than in the bottom phase as PEG partitions preferentially into the top phase; 
the opposite behavior occurs for Dx. The Gibbs energy of mixing of the two-phase system 
was constrained to be lower than that of the one-phase system at equilibrium. vVe set the 
bounds for the PEG and Dx compositions in the phases (Equation (2.17)) to reflect expected 
ATPES behavior: each phase contains mostly water with the phase-forming polymers and 
protein forming a dilute solution. 
Solution of the NLP problem gave locally optimal equilibrium compositions for the de-
fined region using several methods . .Jolw.nsson [85] minirnizcd the Gibbs energy of mixing 
difference using the Generalized Reduced Gradient (GRG) nonlinear optimization code im-
plcmcntcd in lVlicrosoft Excel [53]. This method is not autonomous, requires manually 
drivcu iterations and is not robust. In that work, the problem was formuhtted as: 
mm 
s.t. 
6Gtwo-phase _ C:lGonc-phase 
100 ·11 ~ILi < t { 1\ top-phase I - A bottom phase _ 0 i 
UJ-lj 




Johansson [85] used relative tolerances, tal; of 50 for water, 50 for PEG, 50 for Dx and 
0.0008 for phosphofructokinase, and the calculation may fail for a. different protein. 
In this work, we initially solved the minimization problem using three different algo-
rithms: the simplex search method [109], the GRG algorithm [2] and the modified Shor's 
R-algorithm for non-smooth optimization [163, 108]. The details of the effort to find a. 
successful solver and method, and to incrca.'ic the robustness of the approach, arc described 
in Appendix A. \Vc ultimately built our approach using Shor's R-algorithm [16:3, 108] be-
cause it offered the shortest implementation time and the highest convergence rate among 
the three Inethocls. Our Gibbs energy of mixing rninirniza.tiou approach ovcrcornes the 
non-autonomy issues faced in the previous cmnneration approach, aud offers autornaticity, 
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flexibility and manipulability within a design range, i.e. within a given set of composi-
tions, interaction pm·ameters, degrees of polymerization and weighting factors that were 
not possible with .Johansson's approach. The scaling issue is resolved by choosing the right 
weighting factors ·w; in Equation (2.12) that give high robustness and convergence within 
the set design scope, and the values m·e reported in Appendix A.3. This selection process 
does limit the automaticity in the sense that at this point, for each new component or 
ATPES considered, a manual sem·ch for successful weighting factors must be mounted. In 
this approach, the iteration tolerances on the absolute error are set to be 1.0 x 10-8 vol/vol 
for the variables, the rnole fractions of cornponents in the bottom phase, and 1.0 x 10-6 
.Joule for the objective function. 
Aqueous Polymer Mixture Systems 
We present the applicability of the minimization of Gibbs energy of mixing approach us-
ing the sarne case study presented earlier: an ATPES consisting of water, PEG6000 and 
DxT500. The FH parameters for the ATPES are presented in Table B.l in Appendix B. 
\Ve consider this ATPES HS a three-component mixture in the calculations. 
The solutions we obtained using the rnodified Shor's R-algorithn1 [16:3, 108] are shown in 
Figure 2.5(a) with the tie lines <Uld LLE compositions indicated by the blue lines and points. 
The black lines are those of .Johansson et al. [87] and ours rnatch well with theirs for the 
mixture compositions that we examined. \Ve see that in this confined range, the tie lines 
are roughly pantllel and their length increases as the overall PEG concentration increases. 
This agrees with the expected behavior [7, 172]. The top pha.se compositions indicate 
that Dx concentrations are extremely small; Dx p;l.rtitions nemly completely to the bottom 
phase. This happens because of the unfavorable interaction parameter between PEG and 
Dx and the high degree of polymerization of the Dx <lS listed in Table B.l. As discussed 
by .Johansson el o.l. [87], in the PEG-Dx systern, small repulsive energy of interaction 
between the cornponents can overcompensate the favorable entropy of Jnixing and lead to 
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phase separation. l'vloreover, extreme partitioning can happen for a large component i.e. 
large degree of polymerization [87). Further, phase compositions become more extreme as 
overall polymer content increases. vVe also plotted the values of Gibbs energy of mixing 
difference, which is the objective function for the minimization, versus increasing overall 
PEG concentration, and observed smooth, monotonic behavior in the values, as shown 
in Figure 2.5(b ). The partition coefficient for each phase-forming component is plotted 
in Figure 2.5(c). The value for water indicates equal partitioning between the phases as 
expected; the phases in ATPES comprising polymer mixtures are mostly composed of water 
[7, 172). PEG partitions rnostly to the top phase as the logarithms of its partition coefficients 
are greater than zero, and Dx mostly occupies the bottom phase as indicated by the negative 
values of the logarithms of its partition coefficients. The smoothness and monotonicity of 
the plots indicate consistent change in the system behavior and the consistent performance 
of our approach. 
Aqueous Polymer-Salt System 
\.Ve used another case study from .Johansson et al. [87) to validate the application of our 
Gibbs energy of mixing minimization approach to aqueous polymer-salt systems. In this 
work, the system chosen was wa.ter-PEGGOOO-Na:lP0,1 and the FH parameters for this 
system are listed in Table B.2 of Appendix B. \Ve treated the overall cation and anion 
species concentrations in stoichiometric mixture. \Ve used the expression for Gibbs energy 
of mixing for a four-component mixture. The components accounted for in this work are 
water, PEG6000, Na+ and Po;:-. The stoichiometric ratio of salt cation and anion for the 
mixture compositions maintains the electroneutrality in the ATPES. 
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Figure 2.5: (a) Comparison between the phase diagram calculated using the Gibbs energy 
minimization approach with that reported by Johansson et al. [87] for the water-PEG6000-
DxT500 system. The blue lines are the tie lines we calculated and the black ones are those 
of Johansson et al. [87]. (b) The difference in Gibbs energy of mixing with increa.5ing overall 
PEG composition for the water-PEG6000-DxT500 system. (c) The partition coefficient for 
each component with increasing overall PEG composition for the water-PEG6000-DxT500 
system, calculated using the solutions produced by the Gibbs energy of mixing minimization 
approach. 
In Figure 2.6(a), we show the calculated tie lines and LLE compositions calculated for the 
PEG-salt mixtures with the red points. Similar to the case of water-PEG6000-DxT.500, the 
tie lines are roughly parallel and their length increa.5es a.5 the overall concentration of PEG 
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or salt increases, accordingly. The bottom phase compositions indicate that PEG mostly 
partitions into the top phase and is essentially non-existent in the botton1 plwse. And, 
as overall concentration of polymer <cncl salt increases, phase compositions becorne rnore 
extreme. These behaviors are consistent with empirical observations of polymer-salt ATPES 
[7, 54, 166]. In the FH model, this behavior may be attributed to the high self-energy clue 
to the strong unfavorable PEG-salt interactions and favorable salt-water interaction [87). 
This self-energy becomes more positive with the increasing overall composition of PEG, 
making the phase compositions become more extreme [87]. The plot of the Gibbs energy of 
mixing difference in Figure 2.6(b) also demonstrates the consistency and reliability of our 
approach in calculating the LLE behavior in aqueous polymer-salt systems. 
As shown in Figure 2.6(c), the partition coefficients for each component varies smoothly 
with increasing overall PEG concentration and are consistent with those predicted by .Jo-
hansson et al. [87). vVater partitions equally between the phases as expected, and PEG 
partitions mostly to the top phase, and sa.lt partitions into the bottom phase, as indicated by 
the logarithm of the partition coefficient values. The smooth, monotonic behavior of these 
plots indicate that our approach captures the changes in the system behavior accordingly 
and performs consistently. 
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Figure 2.6: (a) The phase diagram calculated using the Gibbs energy minimization ap-
proach for the water-PEG6000-Na3P0-1 system. (b) The difference in Gibbs energy of 
mixing with increasing overall PEG composition for the water-PEG6000-Na:3P04 system. 
(c) The partition coefficient for each component with increasing overall PEG composition 
for the water-PEG6000-Na3P04 system, calculated using the solutions produced by the 
Gibbs energy of mixing minimization approach. 
2.3 Modeling of Protein Partitioning Behavior 
In the Gibbs energy of mixing minimization approach, we accounted for the presence of the 
target protein as an additional polymer added at. low concentration and used an extended 
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expression for the Gibbs energy of mixing .. Johansson et al. [87] derived the chemical po-
tential for protein using Equation (2.8) and used the equilibrium condition for the chemical 
potential of the target protein between the phases at equilibrium under constant tempera-
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In Equations (2.21) and (2.22), 6 denotes the difference in quantities of the target protein 
between the phases and the subscript p denotes the target protein. 
In Equation (2.22), the tm·get protein is treated as a linem·, homogeneous and monodis-
perse polymeric species, and as very dilute relative to the phase-forming polymers and water 
such that its presence does not significantly change the rnixture and equilibrium composi-
tions; the addition of proteins to ATPESs has been observed by several investigations to 
have a modest if any impact on the phase-forming component compositions in the pha.5es 
[3, 172, 159, 87, 40] . 
.Johansson et al. [87, 88] had presented an ehtborated discussion on the derivation of 
the pm·tition coefficient term for a solute using FH model. They simplified the partition 
coefficient expression to be: 
ln. K; entropic contribution + enthalpic contribution 
nurnber density + (direct interaction - self-energy). 
The full derivation can be found in a paper written by Johansson ct al. [87]. 
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According to the interpretation made by .Johansson et al. [87], the entropic contribution is 
represented by the number density as in the absence of enthaJpic effects, uneven partitioning 
of the solute happens if there is a difference between the phases in the number of molecules 
per unit volume i.e. the number density. In the absence of entropic nonidealities, the solute 
partitioning depends on these terms [87]: 
1. t.he difference in interaction energy between the protein lattice m1d the average lattice 
site of a phase, which is defined as the direct interaction term, and 
2. the difference in energy of each phase due to unlike enthalpic interactions between the 
phase-forming components, which is defined as the self-energy. 
vVe will use these terms to explain and discuss the results presented in the next sections. 
The target proteins we choose to model are phosphofructokinase and ovalbumin owing to 
the availability of data and FH parameters from .Johansson el al. [87]. The FH parameters 
of the proteins are listed in Table 13.3 in Appendix B. As stated in Table 13.3, the overall 
concentration of protein in the system used for these calculations was 0.01 volfvol %. \Ve 
used Equation 2.22 to calculate the partition coefficient for each component. 
2.:3.1 Partitioning of Protein of the Aqueous Polymer Mixture System 
\·Ve calculated the LLE corn position for the four-component systcrn containing water, PEG6000, 
DxT500 and phosphofructokinase or ovalbumin using our Gibbs energy of tnixing minimiza-
tion approach. The FH pmameters used for the system and components arc listed in Tables 
B.l and 13.3 in Appendix 13. As stated in Table 13.:3, the overall composition of protein in 
the system used for these calculations was 0.01 volfvol %. 
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Figure 2. 7: (a) The phase diagram calculated using the Gibbs energy of mixing minimization 
approach for the water-PEG6000-DxT.500 system containing phosphofructokinase. (b) The 
difference in Gibbs energy of mixing with increasing overall PEG composition for the water-
PEG6000-DxT500 system containing phosphofructokinase. (c) The partition coefficient for 
each component with increasing overall PEG composition for the water-PEG6000-DxT.500 
system containing phosphofructokinase, calculated using the solutions produced by the 
Gibbs energy of mixing minimization approach. 
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Figure 2.8: (a) The phase diagTam calculated using the Gibbs energy of mixing minimization 
approach for the water-PEG6000-DxT500 system containing ovalbumin. (b) The difference 
in Gibbs energy of mixing with increasing overall PEG composition for the water-PEG6000-
DxT.500 system containing ovalbumin. (c) The partition coefficient for each component with 
increasing overall PEG composition for the water-PEG6000-DxT500 system containing oval-
bumin, calculated using the solutions produced by the Gibbs energy of mixing minimization 
approach. 
Figures 2.7(a) and 2.8(a) show the tie lines and LLE compositions calculated for the 
mixtures that are indicated with the red points. \Ve see that in a confined range, the tie 
lines are roughly parallel and the length increases with increasing overall PEG composition 
in the system. As predicted by the theory [3, 172) and observed by experiment [159, 87, 40), 
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the LLE behavior is not significantly changed by the presence of a small amount of either 
phosphofructokinase or ovalbumin. The Gibbs energy of mixing difference also changes 
monotonically and smoothly as overall PEG concentration increases. The presence of phos-
phofructokinase <Uld ovalbumin also do not significantly clumge the Gibbs energy of mixing 
difference, as shown in Figures 2.8(b) and 2. 7(b), compared to that calculated for the ATPES 
without either protein. Figures 2.7(c) and 2.8(c) show the partition coefficient C<clculated 
for each component. \Vater partitions equally between the phases, PEG pm·titions mostly 
to the top phase and Dx mostly occupies the bottom phase. In the FH model, phospho-
fructokinase partitions into the bottom pha.se, due to the unfavorable interaction with PEG 
as well as the large degree of polymerization of phosphofructokinase relative to the other 
components, as shown in Table B.:3. Ovalbumin partitions into the bottom phase, due to 
the unfavorable interaction with PEG, but to a smaller extent than does phosphofructoki-
nase, clue to its smaller degree of polymerization (Table B.3). These behaviors correspond 
to the observations made by .Johansson et al. [87) and Albertsson et al. [9); in the PEG-Dx 
system, the direct-interaction term, i.e. the energy of interaction between the protein and 
the phase-forming components (Equation (2.24)), can provide a small driving force for the 
protein partitioning to either phase, depending on the nature of the target protein, and the 
I f In K, · · · . . . f I t . . I ( I va ue o -,-. - IS near zero, pvmg extrerne partJtJOmng or arge pro ems ·t. e. m·ge ·rp c egree 
" 
of polymerization). Further, as the tie line length increases, p<u·titioning of phosphofructok-
inase and ovalburnin becomes more pronounced [87, 9). Our calculation predicts consistent 
behavior in ATPES a.nd in ATPES containing a target protein that is in accordance with 
the theoretical assumptions and hence displays good calculation performance. 
2.3.2 Partitioning of Protein in the Aqueous Polymer-Salt System 
We next demonstrated the applicability of the Gibbs energy of mixing minimization ap-
proach in calculating the LLE behavior for a water-PEG6000-Na3P0,1 systen1 containing ei-
ther phosphofructokinase or ovalbmnin. \Ve assurnecl that this system was a five-co111ponent 
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system containing water, PEG6000, Na+, PoJ- and either phosphofructokinase or ovalbu-
min; note, however, the relative overall concentrations of Na+ and PoJ- in the system were 
constrained to the stoichiometric ratio. \Ve plot the phase diagrams, Gibbs energy differ-
ence and the partition coefficients for all components in this system. The FH p<u-<uneters 
we used for the system and components me listed in Tables B.2 and B.3 in Appendix B. 
As stated in Table B.3, the overall concentration of protein in the system used for these 
calculations was 0.01 vol/vol %. 
In the presence of phosphofructokinase, we see that the LLE compositions calculated ,u·e 
changing inconsistently making the tie line length changes inconsistently too, within the 
range of compositions, shown in Figure 2.9(a). The inconsistency that is due to the scaling 
issue is more obvious in Figure 2.9(c) that plots the logm·ithm of the p<utition coefficient 
calculated for each component, overall PEG concentration increases. This scaling issue is 
caused by the difference in magnitude and nature of the interaction pm·ameters between 
the phase-forming components and phosphofructokinase, as shown in Tables B.2 and B.3, 
as well as the hu·ge degree of polymerization of phosphofructokinase relative to the other 
components, as shown in Table B.3. Figure 2.9(c) shows that the partitioning behavior 
of the phase-forming components is not affected by the presence of phosphofructokinase. 
Phosphofructokinase partitions to the top phase despite the repulsive interaction with PEG 
;wd attraction to the salt ions. The protein partitioning in the PEG-phosphate system is 
the result of the combined effect of the entropic and self~energy terms [87) (refer to Equa-
tion (2.24)). In the PEG-phosphate systern, the PEG-free bottom phase has a significantly 
higher number density and the PEG-rich top phase has higher self energy, in contrast to the 
PEG-Dx system, where the number density and self energy terms are small. In the PEG-
phosphate system, the large difference in self energy is due to the strong interaction of the 
salt with water. This high self-energy effect in the PEG-rich top pha.'3e overcomes the repul-
sive interaction between PEG and phosphofructokinase, hence making phosphofructokinase 
partition preferentially to the top phase. 
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Figure 2.9: (a) The phase diagram calculated using the Gibbs energy of mixing minimization 
approach for the water-PEG6000-Na3P04 system containing phosphofructokinase. (b) The 
difference in Gibbs energy of mixing with increasing overall PEG composition for the water-
PEG6000-Na3P04 system containing phosphofructokinase. (c) The partition coefficient for 
each component with increasing overall PEG composition for the water-PEG6000-NaaP04 
system containing phosphofructokinase, calculated using the solutions produced by the 
Gibbs energy of mixing minimization approach. 
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Figure 2.10: (a) The phase diagram calculated using the Gibbs energy of mixing mml-
mization approach for the water-PEG6000-Na3P04 system containing ovalbumin. (b) The 
difference in Gibbs energy of mixing with increasing overall PEG composition for the water-
PEG6000-Na3P04 system containing ovalbumin. (c) The partition coefficient for each com-
ponent with increasing overall PEG composition for the water-PEG6000-Na3P04 system 
containing ovalbumin, calculated using the solutions produced by the Gibbs energy of mix-
ing minimization approach. 
The calculations for the ATPES containing ovalbumin do not have any significant scaling 
issues a.~ the degree of polymerization of ovalbumin is similar to that of the other compo-
nents. The tie line length, indicated by the blue lines in Figure 2.10(a), increa.~es consistently 
when using more PEG [7]. The Gibbs energy difference calculated for the increa.~ing PEG 
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composition is plotted in Figure 2.10(b). \Ve see that the value decreases smoothly and 
consistently. Similm·ly as in the presence of phosphofructokinase, Figure 2.10(c) indicates 
that the p<utitioning behavior of the phase-forming components is not affected by the pres-
ence of ovalbumin where water partitions equally between the phases, PEG goes into the 
top phase and salt into the bottom phase. Ovalbumin partitions into the top phase because 
of the same reason for phosphofructokinase: the self-energy in the top phase of this ATPES 
is much higher than and therefore overcoming the repulsive interaction between PEG and 
ovalbumin. However, ovalbumin partitioning is at a lesser extent than that of phospho-
fructokinase as it has a smaller degTee of polymerization. The partitioning becomes more 
pronounced for ovalburnin as the tie line length increases [87, 9]. 
2.3.3 Partitioning of Protein Mixture in the Aqueous Polymer Mixture 
System 
\Ve next calculated the partitioning behavior of a target protein in an aqueous polymer-
mixture system in the presence of another protein, which we labeled as a contaminant 
protein. \Ne assumed the presence of five components in the systern: water, PEG6000, 
DxT500, phosphofructokinase and ovalbmnin. In this work, phosphofructokinase was the 
target protein and ovalbumin was the contaminant; both proteins were assumed to be 
present at concentrations of 0.01 vol/vol %. The properties of the components are as listed 
in Tables B.l and B.:3 in Appendix B. 
Figures 2.ll(a)-2.11(c) plot the phase diagrams, the Gibbs energy of mixing difference 
and the partition coefficients of all components calculated using the Gibbs energy of mixing 
1ninimization approach. The LLE behavior and the Gibbs energy of mLxing are not affected 
by the presence of the proteins. Phosphofructokinase partitions into the bottom phase, 
due to the unfavorable interaction with PEG as well as the large degree of polymerization 
of phosphofructokinase relative to the other components, as shown in Table B.3. In the 
presence of only ovalbumin in the PEG-Dx system, ovalhurnin partitions into the bottorn 
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phase. However, in this calculation that involves the presence of phosphofructokinase, 
ovalbumin is displaced into the top-phase. This is because phosphofructokinase, having a 
larger degree of polymerization (refer to Table B.3), has larger enthalpic effect than entropic 
contribution, compared to the condition for the ovalbumin. This is explained in detail in 
Section 2.:3.1. The partitioning of ovalbumin also happens at a lesser degree compared to 
that of phosphofructokinase, as ovalbumin is smaller. In overall, the LLE compositions and 
the Gibbs energy of mixing values are similar to that in the same ATPES without the other 
protein. As the tie line length increases, the partitioning becomes more pronounced for 
both proteins. 
\Ve cornpare the partition coefficient values ca.lculated for the phase-forming components 
in different types of water-PEG6000-DxT500 systems, i.e. the pure AT PES, the ATPES 
containing either phosphofructokinase or ovalbumin and the ATPES containing both pro-
teins, in Figure 2.12(a). Here we see that the partition coefficient values are simi],u· for 
all these systems. This further shows that the presence of protein(s) at 0.01 vol/vol % 
does not affect the LLE behavior of an ATPES [159, 87, 40]. Figure 2.12(b) presents the 
partition coefficient values calculated for phosphofructokinase and ovalbumin in the same 
systems. The partitioning behavior of both proteins are similar in the presence of each 
other. As discussed in Section 2.3.1, in the PEG-Dx systems, the interaction energy be-
tween the protein(s) and the phase-fonning components in the phases overcompensates the 
entropic tenn and interaction energy between the phase-forming components, and hence 
becomes the driving force behind the partitioning behavior. And so, phosphofructokina.'3e 
and ovalbumin partition to the bottom phase clue to the repulsive interaction with PEG. 
The extent, of the partitioning depends on the degree of polymerization of the proteins, as 
discussed in Section 2.3.1. 
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Figure 2.11: (a) The phase diagram calculated using the Gibbs energy of mixing mmi-
mization approach for the water-PEG6000-DxT500 system containing phosphofructokinase 
and ovalbumin. (b) The difference in Gibbs energy of mixing with increasing overall PEG 
composition for the water-PEG6000-DxT500 system containing phosphofructokinase and 
ovalbumin. (c) The partition coefficient for each component with increasing overall PEG 
composition for the water-PEG6000-DxT500 system containing phosphofructokinase and 
ovalbumin, calculated using the solutions produced by the Gibbs energy of mixing mini-
mization approach. 
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Figure 2.12: (a) The partition coefficient calculated for the phase-forming components in 
the water-PEG6000-DxT500 system as a function of overall PEG concentration. (b) The 
partition coefficient calculated for the phosphofructokinase and ovalbumin in the water-
PEG6000-DxT500 system as a function of overall PEG concentration. 
2.3.4 Partitioning of Protein Mixture m the Aqueous Polymer-Salt Sys-
tem 
We next used the water-PEG6000-Na3P04 system containing phosphofructokinase a-5 the 
target protein and ovalbumin as the contaminant, as a case study for a six-component sys-
tem. The components accounted for are water, PEG6000, Na+, PO~-, phosphofructokinase 
and ovalbumin, again note that Na+ and Po~- in the system were constrained to be present 
in stoichiometric ratios. The parameters we used for the system and components are listed 
in Tables B.2 and B.3 in Appendix B. Again, each protein was present at a concentration of 
0.01 vol/vol % for this work. The tie lines and LLE compositions calculated ru·e plotted in 
Figure 2.13(a). The plot shows consistent behavior over the composition range as expected 
and seen in previous ca5es. However, the calculation for the second mixture did not reach 
convergence. This shows the trade off between the having high convergence rate versus 
obtaining consistent and reliable solutions. The variations look smooth in this plot but 
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the inconsistency is magnified in the values of the partition coefficients, as shown in Figure 
2.13(c). 
As in the cases where the water-PEGGOOO-Na:JP0,1 system contains only one target pro-
tein, phosphofructokinase partitions into the top phase to a greater degree than does ovalbu-
min. Phosphofructokinase is displaced into the top phase clue to the significant self-energy 
in the PEG-rich phase that overcomes the repulsive interaction between PEG and phos-
phofructokinase, as discussed in Section 2.3.2. Ovalbumin is also displaced into the top 
phase clue to the same reasons but to a smaller extent than phosphofructokinase, clue to its 
smaller degree of polymerization (refer to Table B.3). 
\Ve also plot the partition coefficient values calculated for the phase-forming components 
in different types of water-PEGGOOO-Na3P04 systems, i.e. the pure ATPES, the ATPES 
containing either phosphofructokinase or ovalbumin and the ATPES containing both pro-
teins, in Figure 2.14(a) to compm·e the values. From this plot, we see that the partition 
coefficient values for the phase-forming components <He similar for all the systems. This 
shows that the presence of protein(s) at 0.01 voljvol %does not affect the LLE behavior of 
an ATPES [159, 87, 40). \·Ve next plot the partition coefficient values calculated for phos-
phofructokinase and ovalbumin in the s<Une systems in Figure 2.14(b). The partitioning 
behavior of both proteins are slightly affected in the presence of each other. As discussed in 
Section 2.3.2, in the PEG-phosphate systems, the large difference in self energy in the PEG-
rich top phase overcomes the repulsive interaction between PEG and phosphofructokinase 
and between PEG and ovalbumin, hence rnaking phosphofructokinase and ovalbumin p<H-
tition to the top phase. The magnitude of the partition coefficient depends on the protein's 
degree of polymerization, as discussed in Section 2.3.2. 
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Figure 2.1:3: (a) The phase diagram calculated using the Gibbs energy of mixing mmi-
mization approach for the water-PEG6000-Na3P04 system containing phosphofructokinase 
and ovalbumin. (b) The difference in Gibbs energy of mixing with increasing overall PEG 
composition for the water-PEG6000-Na3P04 system containing phosphofructokinase and 
ovalbumin. (c) The partition coefficient for each component with increasing overall PEG 
composition for the water-PEG6000-Na:3P04 system containing phosphofructokinase and 
ovalbumin, calculated using the solutions produced by the Gibbs energy of mixing mini-
mization approach. 
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Figure 2.14: (a) The partition coefficient calculated for the phase-forming components in 
the water-PEG6000-Na3P04 system as a function of overall PEG concentration. (b) The 
partition coefficient calculated for the phosphofructokinase and ovalbumin in the water-
PEG6000-Na:3P04 system as a function of overall PEG concentration. 
2.4 Conclusion 
\Ve have described the effort of setting up and testing a thermodynamic framework that 
predicts well the equilibrium behavior of aqueous polymer mixtures and aqueous polymer-
salt systems, as well as the partitioning behavior of a target protein and a contaminant 
protein. This framework is able to calculate LLE compositions and partition coefficients 
for all components in these ATPESs autonomously, for a given set of model parameters 
and manually selected weighting factors, using a minimization of the difference in Gibbs 
energ-y of mixing approach that is based on the classical Flory-Huggins theory for polymer 
solutions [52, 77]. 
vVe demonstrated the applicability and reliability of the framework through case studies 
on water-PEG6000-DxT500 and water-PEG6000-NaaP04 systerns, and on these systems 
with the addition of either phosphofructokinase or ovalbumin or both proteins. Our results 
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are comparable with those of .Johansson et al. [87) who used a similar approach but in a 
non-autonomous implernentation. vVe also extended the scope of their work by explicitly in-
cluding the phase behavior of the proteins in the ATPES phase calculations. The calculated 
ATPES phase behavior tracks the experimental values well; increasing phase-forming com-
ponent overall concentrations lead to more extreme phase compositions, or longer tie lines 
[7, 54), and protein partitioning becomes more extreme as tie lines increase in length, as ex-
pected [87, 9). \Ve also showed that the presence of the proteins at dilute concentration does 
not alter the LLE behavior of an ATPES, as reported by previous works [159, 87, 40). vVe 
also discussed the different pmtitioning behavior of phosphofructokinase and ovalbumin in 
water-PEG6000-DxT500 and water-PEG6000-Na3 P04 systems, pertinent to the discussion 
by .Johansson et al. [87). 
vVe have identified the issues in the mathematical formulation of the minimization ap-
proach and provided work-<ummds. The major issue in this work is the scaling of the 
objective function for the minimization approach and we overcame this issue by <<pplying 
weighting factors that work for a range of FH interaction pa.rarneters, degrees of polymer-
ization and compositions. The weighting factors for the components in the system differ 
as the objective function is a function of the degree of polymerization of each component 
and the FH interaction pcu·ameters between then1. The details of our investigation and the 
weighting factors calculated for the case studies ;ue described in Appendix A. 
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Chapter 3 
Flowsheet Simulation and 
Evaluation 
3.1 Introduction 
This clwpter describes the framework we designed to calculate suitable flowsheets for the 
extraction of a specified target protein from a complex protein feed using ATPES. vVe set up 
flowsheets according to target protein partitioning behavior in ATPES and calculated the 
amount of phase-forming components needed to extract the target protein from the complex 
mixture. Extraction units consisted of either one or two stages containing an ATPES. The 
therrnoclynamics of phase formation and partitioning were modeled using Flory-Huggins 
(FH) theory [52, 77). 
There have been several prior Jnocleling and simulation studies of two-stage extraction 
units containing aqueous PEG-phosphate systems reported in the literature [76, 125, 1:3, 
127, 164). Boland et al. [22) studied and assessed the performance of a two-stage extraction 
unit containing a PEG-phosphate system using two pilot-scale elise phase separators to 
purify superoxicle clismut;1.'3e from bovine liver extracts. Kroner et al. [102, 101) studied 
the application of multi-step extraction units using PEG-Dx and PEG-KP04 systems for 
the purification of formate dehydrogenase from Candida boidinii extracts. Cordes and Kula 
[:35) also investigated the perforrnance of a two-stage extraction unit with PEG-crude Dx 
and PEG-potassium phosphate systems and disc stack phase separators. 
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Most of the extraction processes using ATPES were designed as two-stage operations for 
economic reasons and there have been reports of product yields over 90% for this config-
uration [123, 11]. Yields reported for protein purification using two-stage extraction units 
and ATPESs are usually in the range of 50 to 90% [22, :35, 102, 104, 105, 76]. Kula et al. 
[104] also reported that the yield of formate dehydrogenase from Candida boidinii extracts 
was improved from 51 to 70% by using a ATPES-basecl process rather than a precipitation 
and chromatography-based process. 
There have been several economic studies of the operation of extraction processes based 
on ATPESs [21, 22, 104, 105, 103, 102, 101, 35]. Each study was based on a different 
definition of the cost f<<ctor and specific to a target protein or ATPES. Kroner et al. [102] 
reported a cost index between 0.007 and 0.013 DlVI·unit- 1 to process 50 kg of cell mass in a 
four-step extraction process using PEG-Dx aucl PEG-KP0,1 systems when purifying forrnate 
dehydrogenase. Their procedure [102] gave 100 - 150 g of enzyme protein per extraction. 
Kula et al. [104] reported a cost index at 0.007 DlVI·unit- 1 by using ATPES, which was lower 
than the 0.374 DlVI·unit- 1 reported for a precipitation and chromatography-based process 
for the purification of formate clehyclrogerm~e. This was clue to the fact that the ATPES 
produced higher yields, as mentioned in previous pm·agraph, and could process higher cell 
mass, 50 g, comp;u·ecl to that using the precipitation and chromatography-based process, 
5 g. In general, ATPES-basecl processes m·e more attractive for large scale processes clue 
to the savings in energy and manpower, higher initial yields, better clarification and the 
possibility of work at room temperature [102, 104]. 
There have also been studies on recycling of PEG in two-stage extraction systerns [13, :35, 
34, 78, 150], reusing PEG from the second stage in the first stage, and the savings in terms 
of material costs were reported to be as high as 50 to 90%, depending on the protein feed. 
However, recycling higher percentages also pollutes the system with contaminating materials 
as they are recycled along with the PEG. R.ito-Palornares and Lyclcliatt [150] reported that 
polymer recycli11g up to 5 cycles had a minimal effect upon the stability and productivity of 
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the operation of two-stage ATPESs for the recovery of yeast bulk protein, pyruvate kinase 
and fumm·ase. They [150] also observed an increase in the partition coefficient for all the 
proteins from the back (second) extraction after an increased number of two-stage cycles 
and recommended ATPESs with multiple cycle operations with p;u·tial polymer recycle as 
a separation technique. This study [150] is in agreement with the previous studies that 
reported no detriment to the operation stability with PEG recycling of up to four cycles 
[78] for the recovery of funuuase from bakers' yeast and Br·evibacterium ammoniagenes and 
five cycles [1.54, 155] for the recovery of bulk protein from brewer's yeast. 
There have been other studies on the alternative of recycling salt; one study is on the 
recycling of salt from stage 1 to stage 1 and from stage 2 to stage 2 [58], and another study 
reported recycling studies that involved extraction using ethanol [59]. The cost evaluation 
performed by Greve et al. [59] showed that the cost of recycling of salt was in the range of 
the purchase price and waste treatment cost for the salt. This [.59] indicated the technical 
and economical feasibility of the salt recycling in a protein ATPES-based extraction process. 
!vlost of the flowsheet calculation studies were specific to certain cases and used embedded 
ernpirical correlations to represent equilibrium behaviors in ATPES [164, 76, 127, 126, 13, 
125]. These studies were not generalized nor can be reproduced for other proteins or other 
ATPESs. 
For this work, we considered both one-stage and two-stage extraction units where each 
stage contains a comrnon type of ATPES, either an aqueous polymer mixture or an aqueous 
polymer-salt system. Compmed to previous studies that used experimental correlations 
[76, 125, 13, 127, 164], we integrated a sequential minimization of Gibbs energy of rnixing 
approach based on the FH therrnodynamic model that requires accessible rnodel parameters, 
to calculate LLE compositions in the flowsheet simulation. Flowsheets are designed for 
extraction using either or both types of ATPESs, based on the partitioning performance in 
the ATPESs. For a two-stage unit, each stage can either contain the same type or different 
types of ATPESs. We further considered poly111er recycle possibilities. \Ve evalu<>ted the 
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perforrnance of the f!owsheet in terms of the t;u-get protein yield <tnd purity. vVe also 
calculated the settling rate in each stage and a cost function for the f!owsheet. 
To set up the f!owsheet sirnulation fnw1ework, we 
1. modeled and simulated a one-stage and two-stage unit that consists of the same 
type and different types of ATPES, which are aqueous polymer mixture or aqueous 
polymer-salt systems, with and without the polymer recycle, 
2. rnodeled and simulated the thermodynamic phase behavior of the two types of ATPES 
assurning the presence of all accountable components in the system, 
:3. modeled and simulated the partitioning behavior of the target protein in these systems, 
4. calculated feasible feed compositions to the unit based on simultaneous calculatious 
of the f!owsheet and the thermodynamic behavior using a heuristic approach, 
5. calculated the f!owsheet performance in terms of the purity and yield of the target 
protein in a one-stage and two-stage extraction unit consisting of the same or different 
types of ATPES, 
G. estimated the settling rate of the ATPESs, and 
7. estimated the relative cost of the ftowsheets. 
We present the design of suitable f!owsheets for a rnodel feedstock containing phospho-
fructokinase and demonstrate the existence of feasible solutions. The ATPESs we consider 
are the water-PEGGOOO-DxT500 and water-PEGGOOO-Na:lP04 systems [87] for which we 
developed phase behavior model in Chapter 2. vVe discuss sorne scaling issues involved in 
the thennodyna.mic calculations and propose scaling weights and problem reformulation ap-
proaches to overcome computational challenges. \Ve then compare the flowsheets in tenns 
of their perforrna.nce, settling rate a.ud cost factor. \Ve also a.na.lyzc the performance trends 
qua.lita.tively to check that the f!owsheet calculntiou results captme the physical behavior 
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of the unit. Finally, we propose a basis for flowsheet optimization for protein extraction 
using ATPES. 
3.2 Flowsheet Alternatives 
\Ve considered one-stage and two-stage configurations and two types of ATPES, which are 
aqueous polymer mixture or aqueous polymer-salt systems, for each stage. As we build 
flowsheets based on the t<nget protein partitioning preference, we identified sixteen possible 
flowsheet alternatives, as listed in Table 3.1. 
As an example, if the desired protein preferentially partitions to the top phase of the 
aqueous polymer mixture system, we want to consider a specific subset of flowsheet alter-
natives: one-stage containing the aqueous polymer mixture system with top-pha.'3e recovery 
(type 1), two successive stages containing the aqueous polymer mixture system with top-
phase recovery (type 5), and a multi-type unit consisting of an aqueous polymer mixture 
system in stage 1 with top-phase recovery ;md an aqueous polymer-salt system in stage 2 
with bottom-phase recovery (type 13). 
Figure 3.1 shows an example of a one-stage extraction unit where the recovery of the 
target protein is from the top phase. 
protein 
flow, F0 Aqueous polymer 1 & 
fresh 
polymer protein, F6 
mixture polymer2 & polymer system waste, F3 feed, F1 
Figure 3.1: An example of a oHe-stage extraction unit with recovery from the top phase of 
an aqueous polymer 1nixture system (type I in Table :l.1). 
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Stages Type Phase of Stage 1 Stage 1 Stage 2 Stage 2 
Recycle ATPES Recovery ATPES Recovery 
one 1 no recycle polymers top NA NA 
2 no recycle polymers bottom NA NA 
3 no recycle polymer-salt top NA NA 
4 no recycle polymer-salt bottom NA NA 
san1e 5 no recycle polymers top polymers top 
t.ype 6 bottom recycle polymers top polymers top 
7 no recycle polymers bottorr1 polymers bottom 
8 top recycle polymers bottom polymers bottom 
g no recycle polymer-salt top polymer-salt top 
10 bottom recycle polymer-salt top polymer-salt top 
11 no recycle polymer-salt bottom polymer-salt bottom 
12 top recycle polymer-salt bottom polymer-salt bottom 
multi 13 no recycle polymers top polymer-salt bottom 
type 14 top recycle polymers top polymer-salt bottom 
15 no recycle polyrner-salt top polymers bottorr1 
16 top recycle polymer-salt top polymers bottom 
Table 3.1: The possible one-stage and two-stage flowsheet configurations for protein extrac-
tion using aqueous polymer mixture and aqueous polymer-salt systems. 
In the set-up containing two repeating extraction steps, the plwse containing the major 
portion of the target protein in the first stage is separated and feel into the secoud stage. 
Then a fresh feed of the other phase-forming component is added again to enhance the 
purity of the target protein. Figure :1.2 shows a flowsheet consisting of two successive 
stages designed for the proteiu that partitions prefereutia.lly to the top pha:;e. For t.his 
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Figure 3.2: An exarnple of a successive two-stage extraction unit (type 5 without recycle, 
type 6 with recycle). 
A multi-type two-stage configuration for the application of ATPESs looks like Figure 3.3. 
This type of flowsheet consists of forward and back-extraction stages [76, 12.5, 126, 127, 164]. 
In the first stage, the conditions m·e created to drive the protein of interest preferentially 
to one phase, which in this example is the top phase, and the undesired components to the 
other phase. The subsequent stage is designed to partition the target protein away from 
the phase-forming polymer by adding a different type of phase-forming component. For 
this design (types 14 and 16), we consider recycling the top-phase polymer from stage 2 to 
stage 1. 
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Figure 3.3: An example of a multi-type two-stage extraction unit (type 13 without recycle, 
type 14 with recycle). 
3.2.1 Mass Balances 
The mass balance for each flowsheet alternative is set up based on a few assurnptions: the 
whole extraction process is continuous; the process operates at steady state; and the compo-
nents accounted for are those that comprise the aqueous polymer mixture and polymer-salt 
systems including water, pha.~e-forrning polymers and salt as well as the target protein and 
contaminants. The index i denotes the component, .i the stream number and k the number 
of stages. Our speciation: ·i = 1 is for water, 2 is for the first phase-forming polymer, 3 is 
for the second pha.~e-forrning polymer, 4 is for the cation of phase-forming salt, 5 is for the 
anion of phase-forming salt, 6 is for the target protein and 7 is for the contaminant protein. 
The wu·iables are the stream total mass ftowrates, Fj [!b-lu·- 1], and the vectors of the 
mass fractions of each component in each stream, w;,j [lb of component ·i per total lb in 
stream .f]. 
The mass fraction of cornponent i in stream j is 
Wi,j = 
rna .. sS-i,j (:3.1) 
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The average mass fntction of component i in the combined feed stream j into each stage 
is 
(3.2) 
The volume fraction of component i in stream j is 
(3.3) 
where Pj is the density of stream j and vi.j is the specific volume of cornponent ·i in stream 
j. The mass balance calculations m·e performed in terms of mass fractions but the LLE 
calculations are based on FH theory and arc clone in terms of volume fractions. 
The balance for total mass flowrate for each stage is 
L Fj= (3.4) 
j(inputs) j (outputs) 
The balance for each cornponent mass flowrate for each stage is 
(3.5) 
j(inpul) j ( oul.pul) 
3.2.2 Recycle Calculation 
For the flowsheet calculations with the recycle ;tltcrnative, convergence for the recycle 
stream is achieved through a combination of two methods, direct substitution and \Veg-
stein's Acceleration l'vlethocl as described below. 
Direct Substitution. This is the simplest of iterative methods where the new estimates 
of x are the latest calculated values of f(x), 
(3.6) 
where w is the vector of the lllass fraction of the cornponents 111 the recycle stream 
a11d p is the iteration. This method is rnostly stable if the initictl guess is close to the 
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solution and is slow to reach convergence with many iterations needed because the 
local gradient of f(x) may be close to unity. 
Wegstein's Acceleration Method ]175]. This method is applicable to a system of 
equations and applicable to multi-vm·iable problem. Here, new estimates are given by 
p+l p 
+ (1 - q;) J;(wP), (3.7) Wi CJi wi 
ai (3.8) q; 1' (l,i -
/;(w(P)) /;(w(p-1)) (3.9) a-i 1/)(p) l/J(p-1) 
' ' 
·i = 1, ... ,n. 
In Equation (:3. 7), q; is the acceleration pm·ameter for the ith variable. This method 
can speed or slow the convergence rate depending on q;. Decelerating the rate usually 
prornises a stable convergence and accelerating sometimes lead to instability. However, 
the right and bounded acceleration parameter can improve the stability of iteration 
and even reduce the number of iterations. 
vVe first used an estimate for the recycle flow properties to initiate the calculations. Initially 
we used direct substitution in an attempt to drive the recycle calculation to convergence. 
However, this method along with our heuristic approach for determining feasible feed com-
positions, which is described in further detail in Section 3.4, produced some cycling in the 
calculations. \Ve then added a. step in the calculation that switches to \Vegstein's Acceler-
ation Method, to adapt the step size in each iteration if the tolerance on the relative error 
is not satisfied within the first three iterations. 
3.3 Modeling of Thermodynamic Behavior in Extraction unit 
As we considered two types of ATPES, which are aqueous polymer rnixture or aqueous 
polymer-salt systems in our design, our therrnoclynamic model had to be robust enough to 
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calculate and simulate the behavior of the ATPES containing water, phase-forming polymers 
and salt, the target protein and contaminants. In this work, the LLE calculations a.re based 
on the thermodynamic framework described in Chapter 2. In that chapter, we mentioned 
that the scaling of the objective function is a major issue in determining the convergence 
properties of the routine. Now, as we considered more components that have a wide range 
of degrees of polymerization, interaction parameters and compositions, the scaling issue 
becomes more significant. 
Direct minimization of the Gibbs energy of mixing for these systems now has the tendency 
to break clown without converging to a solution or t;o give inaccurate solutions. This is 
because when considering these components, the weighting factors for the Gibbs energy 
of mixing minimization problem must work for a wider range of compositions, degrees 
of polymerization and interaction parameters. The selection of weighting factors that have 
guaranteed good convergence or that lead to accurate and consistent solutions over multiple 
ranges of composition is difficult. Appendix C describes the effort expanded in generalizing 
the weighting factor search for the Gibbs energy of mixing minimization approach. 
\Ve were able to reduce the effect of the scaling problem and calculate the LLE cornposi-
tions in seven-component ATPESs by minirnizing the Gibbs energy of mixing difference of 
the system sequentially. The steps taken ;u-e as listed below: 
l. \Ve first assume the presence of only pha;;e-fonning components and minimize the 
Gibbs energy of mixing to solve for the LLE compositions for these components, 
2. we next lock the pmtitioning behavior of the phase-forming components based on the 
calculated LLE compositions, 
:3. we sequentially add other cornponents and solve for the LLE compositions for the 
whole systern, this time by accounting the presence of the nclclitiona.l components and 
holding the phase forming component compositions consta.nt. 
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The steps in this approach <U"e illustrated in Figure 3.4. 
solve LLE compositions of pbase-fonning components } Initialization 
LLE compositions 
fix partitioning behaviors ofphase-fonn.ing con1ponents } 
r-------------~-------------, nini~:~tion 
solve LLE compositions for whole system 
LLE cornposit.ions for aU con1ponents 
Figure 3.4: The flowchart illustrates the calculation steps in the sequential Gibbs energy of 
mixing minimization approach. 
The order of addition is in accordance with each component's contribution to the Gibbs 
energy of mixing and the chemical potential difference; these quantities comprise the ob-
jective function and its pem<lty term respectively. This order also corresponds to the ba.sic 
physics of the system: only a small amount of components other than the phase-forming 
components are present and they do not appreciably alter the LLE behavior of the ATPES. 
3.3.1 Case Studies 
\~ie applied this approach to the case studies presented in Chapter 2. Here we considered all 
components in the system. In the LLE calculation for each stage, we accounted for the dom-
inant phase-forming components according to the type of ATPES selected for each stage, 
and the presence of the other plwse forming component from the other stage was consid-
ered small. In this ca.'3e, the phase-forming components were water, PEG6000, DxT500 and 
Na3P04 , and the target protein used here was phosphofructokin<1se and the contamimmt 
proteiu was ovalbumin. The parameters used for this system a.nd the components are listed 
in Tables B.l, B.2 and B.4 in Appendix B. Here, the interaction parameter values used for 
ovalbumiu were different cornpa.recl to those used in Chapter 2. The calculation had to be 
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performed this way to ensure the stability of the LLE calculation now that we consider a 
seven-component system. 
Base Case #1: Aqueous Polymer Mixture System Phase Equilibria 
In the LLE calculation for the extraction stage that contains an aqueous polymer nux-
ture system, the phase-forming components considered were water, PEG6000 and DxT500. 
In the full minimization step, all other components, Na3P04 , phosphofructokinase and 
ovalbumin were accounted for, in addition to the phase-forming components. The overall 
compositions used were 8.5- 10.1 volfvol % PEG, 7.0 volfvol % Dx, 1 x 10-5 - 0.0012 
volfvol % phosphofructokinase and 0.005 volfvol % ovalbumin. The ions comprised 0.1 and 
0.03 vol/vol % which were assumed to be small. The cornpositions were pre-cleterrninecl ac-
cording to a suitable flowsheet configuration to recover phosphofructokinase in this system 
with the parameters mentioned above and were within the range used by .Johansson et al. 
[87] and Albertsson et al. [9]. The weighting factors used for the LLE calculation in both 
steps are listed in Table C.2 in Appendix C.2. 
The tie lines and LLE compositions calculated for different PEG compositions in this 
system are plotted in Figure 3.5(a). These are plotted in terms of weight fractions to be 
consistent with the Howsheet calculations. Here, we see that the tie lines are parallel and 
that the length increases as more PEG used, as expected. The values of Gibbs energy of 
mixing difference are plotted versus PEG overall concentration, and we observed consistency 
and smoothness in the values as shown in Figure :3.5(b ). The LLE compositions calculated 
for this seven-component system differ slightly from those calculated for a three-component 
wa.ter-PEG6000-DxT500 system, presented in Section 2.2.2. This is clue to the presence of 
all other components other than the phase-forming components, accounted in the Gibbs 
energy of mixing minimization. 
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Figure 3.5: (a) The phase diagram calculated using the sequential Gibbs energy num-
mization approach for the water-PEG6000-DxT500 system containing small amounts of 
Na3P04, phosphofrutokinase and ovalbumin. (b) The difference in Gibbs energy of mix-
ing with increasing PEG concentration for the water-PEG6000-DxT500 system containing 
small amounts of Na3P04, phosphofrutokinase and ovalbumin. 
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Figure 3.6: The partition coefficient for each component with increasing PEG composition 
for the water-PEG6000-DxT500 system containing small amounts of Na3P04 , phosphofru-
tokinase and ovalbumin, calculated using the solutions produced by the sequential Gibbs 
energy of mixing minimization approach. 
The partition coefficient for each component is plotted as function of overall PEG concen-
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tration in Figure :3.6. The value for water indicates equal partitioning between the phases. 
PEG partitions mostly to the top phase and Dx preferentially goes into the bottom phase as 
observed in the calculation for the water-PEG6000-DxT500 system (refer to Section 2.2.2). 
In this case, both phosphofructokinase and ovalbumin partition into the bottom phase, 
however the phosphofructokinase partitioning is more extreme, as it has a. higher degree of 
polymerization. These behaviors correspond to the observations made by .Johansson et al. 
[87] and Albertsson et al. [9]; in the PEG-Dx system, the energy of interaction between the 
protein and the phase-forming components (refer to Equation (2.24)), provides the driving 
force for the protein partitioning to either phase as the number density and self energy 
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Figure 3. 7: The partition coefficient calculated for the phase-forming components in the 
water-PEG6000-DxT-500 system containing small amounts of N a.3P0 4 , phosphofrutokinase 
and ovalbumin compared to those for the water-PEG6000-DxT.500 system containing a. 
small amount of phosphofrutokinase as a function of the overall PEG concentration. 
Figure 3. 7 plots the partition coefficient for the phase-forming components calculated for 
the water-PEG6000-DxT500 system and the water-PEG6000-DxT500 system containing 
small amounts of Na.3P04 , phosphofrutokinase and ovalbumin. The values calculated for 
the second system deviate slightly from those for the pure ATPES. This is due to the 
presence of the other components, especially the salt ions that have strong interactions with 
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water. These interactions increase the self-energy m the phases, altering the partitioning 
behavior in this system. 
The partition coefficient for the proteins between seven-component system is not corn para-
ble with those in a four-component system presented in Section 2.3.1 because the interaction 
parameter values used for ovalbumin are different. Here we assumed that there were no 
interactions between ovalbumin and the salt ions, to ensure that the LLE calculation held 
with the changes in the components composition. As discussed in Section 2.3.3, in PEG-Dx 
systems, the partitioning behavior of each protein is influenced by the enthalpic effect and 
entropic contribution frmn each protein. The comparison in the partition coefficient of the 
proteins between the systems is therefore not comparable as their partitioning behavior are 
both influenced by the change in ovalbumin's interaction pararneters. 
Base Case #2: Aqueous Polymer-Salt System Phase Equilibria 
\~1e next calculated the LLE compositions in an extraction stage that contains an aqueous 
polymer-salt system. In this case, four phase-forming components were considered in the 
initialization step: water, PEGGOOO, Na+ and PO~-. In the full minimization step, DxT500, 
phosphofructokinase and ovalbumin were accounted for as additional components. The 
overall compositions used were 8.0- 10.0 vol/vol % PEG, 3.0 vol/vol % Na+, 1.0 vol/vol 
POft-, 0.01 vol/vol % phosphofructokinase and 0.01 vol/vol % ovalbumin [87, 9]. The 
composition of DxT500 used was 0.01 vol/vol %, which was assumed to be srnall. The 
weighting factors for the LLE calculation used in both steps ;uoe listed in Table C.2 in 
Appendix C.2. 
The tie lines and LLE compositions calculated using the sequential minimization approach 
for the water-PEGGOOO-Na:l P0-4 system containing DxT500, phosphofrutokinase and oval-
bumin are presented in Figure :3.8(a). The slopes and values <He consistent for the mixtures, 
indicating robust. convergence. Figure 3.8(b) shows the smoothness and consistency of the 
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values of Gibbs energy of mixing difference with increasing overall PEG concentration. The 
LLE compositions calculated for this seven-component system differ slightly from those cal-
culated for a four-component water-PEG6000-Na3P0-4 system, presented in Section 2.2.2. 
This is because all components, not only the phase-forming components, contribute toward 
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Figure 3.8: (a) The phase diagram calculated using the sequential Gibbs energy of mixing 
minimization approach for the water-PEG6000-Na3P0-4 system containing small amounts 
of DxT.SOO, phosphofructokinase and ovalbumin. (b) The difference in Gibbs energy of mix-
ing with increasing PEG concentration for the water-PEG6000-Na3P04 system containing 
small amounts of DxT500, phosphofructokinase and ovalbumin. 
Figure 3.9 plots the partition coefficient values for each component. The value for water 
indicates equal partitioning between the phases. PEG partitions mostly to the top phase 
and salt, to the the bottom phase. In this case, ovalbumin partitions into the top phase and 
phosphofructokinase partitions into the bottom phase. As discussed in Sections 2.3.2 and 
2.3.4, in the PEG-phosphate systems, the large difference in self energy in the top phase 
overcomes the repulsive interaction between PEG and phosphofructokinase and between 
PEG and ovalbumin. The extent of phosphofructokinase partitioning to the bottom phase 
decreases as the PEG concentration is increased. This is because the direct interaction 
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term 'i.e. the interaction energy between PEG and phosphofructokinase, increases with the 
increasing amount of PEG (refer Equation (2.24)). The extent of ovalbumin partitioning 
to the top phase increases as the PEG concentration increases due to the same reasons. 
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Figure 3.9: The partition coefficient for each component with increasing PEG composition 
for the water-PEG6000-Na3P04 system containing small amounts of DxT-500, phosphofru-
tokinase and ovalbumin, calculated using the solutions produced by the sequential Gibbs 
energy of mixing minimization approach. 
The partition coefficient values for the phase-forming components calculated for the 
water-PEG6000-Na3P04 system and the wa.ter-PEG6000-Na.3P04 system containing small 
amounts of DxT500, phosphofrutokinase and ovalbumin, are compared in Figure 3.10. \Ve 
see that there is a. slight deviation between the results due to the presence of other com-
ponents. However, this deviation is less noticeable compared to that presented for the 
wa.ter-PEG6000-DxT500 system, shown in Figure 3.7. This is because the presence of the 
other components does not change much the self-energy in the phases, which is the dominant 
force for partitioning in this system. 
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3.4 FEASIBILITY OF FEEDS 
Figure 3.10: The partition coefficient calculated for the phase-forming components in the 
water-PEG6000-Na3P04 system containing small amounts of DxT500, phosphofrutokinase 
and ovalbumin compared to those for the water-PEG6000-Na3P04 system containing a 
small amount of phosphofrutokinase as a function of the overall PEG concentration. 
The partition coefficient for the proteins in this seven-component system is not compara-
ble with those in a five-component system presented in Section 2.3.2, because the interaction 
parameter values used for ovalbumin are different. As mentioned before, we assumed that 
there were no interactions between ovalbumin and the salt ions, to ensure that the LLE 
calculation held with the changes in the components composition. In PEG-phosphate sys-
tems, the partitioning behavior of each protein is mostly influenced by the extent of the 
self-energy of the top PEG-rich phase overcoming the interaction between the phase and 
the proteins (refer to Section 2.3.4). Hence, the partitioning behavior of both proteins are 
affected in the presence of each other, making the partition coefficient of both proteins in 
the two systems not comparable. 
3.4 Feasibility of Feeds 
The two-phase phenomenon occurs within a limited range of overall compositions for the 
phase-forming components. The LLE calculation and the thermodynamic theory may not 
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hold for mixtures that lie outside of and near to the borders of the two-phase region. 
\'Vhile considering a two-stage flowsheet, especially those with the recycle alternative, we 
discovered that the flowsheet calculation may arrive at an infeasible feed(s) for one or both 
of the stages. Here, infeasible means that the overall feed composition into a stage lies 
outside of the two-phase region. 
\Ve illustrate this issue that occurs in the context of flowsheet calculations in Figure 3.3. 
Here, Stage 1 contains an aqueous polymer mixture system and Stage 2, the polymer-salt 
system. The phase diagrams for the ATPESs in the stages are represented by the plots in 
Figure 3.11. The colored regions are where two-phase mixtures occur. 
Saltwlw 
I ~ ~~s balance I 
Figure 3.11: A schematic representation of the mass balances between the feeds in the 
multi-type two-stage extraction flowsheet (refer to Figure 3.3). 
In Figure 3.11, the mass balances between the feeds denoted by Fj give average feeds 
F1 and F2 to Stages 1 and 2, respectively, as denoted by the orange points. Our LLE 
calculation gives top and bottom phase compositions indicated by the blue and reel points 
for the overall average feed compositions. The LLE calculations and the mass balance 
calculations are performed simultaneously. There exist top or bottom phase compositions 
and fresh feed or recycle flows that give infeasible overall average feed compositions for 
either stage that lay outside of one or both of the two-phase regions. This disrupts the 
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ftowsheet calculation continuity and autonomy, a$ outside of the two-phase regions, the 
thermodynamic model is no longer applicable and the LLE calculation fails. To overcome 
this scenario, we set up a routine in the framework that checks if the average combined feed 
lies in the two-phase region based on a convex hull approach. If the feed composition is 
infeasible, a new feasible feed composition is calculated using heuristic geometric moves. 
3.4.1 Heuristic Feed Check 
\Ve calculated a full dimension convex hull in a projected space to detennine if a feed 
cornposition lies in the two-phase region. The convex hull or the convex envelope for a 
set of points TV in a real vector space is the rninimal convex set containing TV. This is 
illustrated by Figure 3.12. 
Figure 3.12: An schenmtic represent<ttion of convex hull definition: elastic band analogy. 
The convex hull is represented by the black line. 
\Ve projected the two-phase region of the ATPES in each stage into a. two-dimensional 
plane a.nd identify the bordering tie lines as the top-most and bottom-most tie lines. lVIore 
specifically, the top-most tie line is the farthest tie line from the critical point and the 
bottom-most tie line is the nearest, in the phase diagram for the ATPES as precalculated 
in Section :3.:3.1. The phase diagram wns determined by calculating the LLE compositions 
for the ATPES within a composition range. Here the composition range was ba.'iecl on the 
empirical data. by previous works on the same ATPES [7, 166] and the robustness of the 
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LLE calculation i.e. the Gibbs energy of mixing rninimization approach holds and gives high 
convergence rate. Therefore, we need to know if the overall feed composition lies outside of 
this range and calculate a new feasible feed composition if it does. Here we calculated the 




1U2 + n. · (b; · TLL) (3.10) 
·k Cz 
'Li} 'UJ2 (3.11) 3 
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Here '1v7 is the new end compositions with subscripts i denotes the components, j represents 
the phase and z denotes the bordering tie line i.e. top-most and bottom-most tie lines. mz 
is a vector of slopes and Cz is a vector of y-<Lxis intersects, of these tie lines. "'· = 1 is for 
top-phase corn position, an elK; = -1 is for the bottorn-pha.se composition. T LL is the length 
of these tie lines and b; is a vector of the specified percentages for the tie line lengths for top 
and bottom phase compositions of the top-most tic line, top and bottom phase compositions 
of the bottom-most tie line, respectively. These percentages are based on the composition 
range where the LLE calculation holds. 
\\Te next constructed the convex hull for the feasible region for the ATPES from the new 
end compositions. The proposed feed must not change the area of the convex hull and 
hence must lie inside the projection of this set to be feasible. If the feed is infe;~sible, i.e. it 
changes the area of the convex hull, new feed compositions must be ca.lculatecl. 
Figure 3.13(a) shows the two-dimensional projection of the two-phase region, the convex 
hull calculated for the feasible region and the convex hull calculated for the shrunken region 
based on the specified percentage (with new borders calculated using Equations (3.10) and 
(3.11) ), inclica.tecl by the black, reel and green lines respectively. Figures 3.13(b) and 3.13( c) 
illustrate the check performed using the area of the convex hull that includes the feasible 
region, denoted by the black lines, and the feeds, denoted by the blank points. Figure 
3.13(b) shows that the re~~sible feed composition lies inside of the feasible region and does 
not clHwge the area of the hull. An example of an infeasible feed that lies outside of the 
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feasible region and changes the area of the hull is shown in Figure 3.1:3(c). In this work, we 
used the qhull function [17] a.<; implemented in lVIatlab [80]. 
' 
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Figure 3.13: A schematic representation of the feed check operation. (a) Convex hull of 
feasible region (b) Feasible feed (c) Infeasible feed. 
3.4.2 Heuristic Recalculation of Feed Compositions 
\Ve needed to be able calculate a new feasible feed cornpositions when infeasible feeds arose 
to allow continuity in the flowsheet calculations and to avoid getting trapped in unconverged 
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LLE calculations for infeasible feeds. There m·e a few approaches that can be used to 
calculate a new feasible feed: 
1. we can enforce the borders of the feasible region as explicit constraints in the flowsheet 
calculations, 
2. we can stop the calculation and restart the iteration, 
3. we can apply heuristic reflection of the infeasible feed to the borders or across the 
borders and into the feasible region. 
In this work, we chose to use the third approach as it provided a. simple and consistent 
method for the solver to come up with feasible feed compositions for the LLE calculations. 
For this a.pproa.ch, we first located where the feed actually lies and next calculated a new 
feed composition as needed by reflecting it in a consistent manner into the feasible region 
based on its original location. This approach is presented in detail below. 
First, we generated the borders and calculated the convex hulls for all regions other than 
the two-phase region in a two-dimensional projection as shown in Figure 3.14. \Ve next 
used the convex hull of the projected regions to locate the feed; infeasible feeds lie in one 
of the regions labeled 1 to 4. \.Ye recalculated a. new feed by reflecting the feed across the 
convex hull border into the feasible region. 
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Figure 3.14: The cla.'3sification of regions for the infeasible feed location for the purpose of 
recalculating a new feasible feed. 
Figure :3.15 presents a simplification of the calculation method. The thin black box 
represents the end borders, the blue lines are orthogonal border lines and the gTeen lines 
a.re the bordering tie line. These borders are pre-specified according to the specific ATPES. 
First, we projected the feed orthogonally onto the nearest bordering tie line. \Ve then 
determined the ratio between orthogonal distance from the feed to the two-phase border, 
d 1 and the orthogonal distance between the end borders and the two-pha.'3e border, d 2 . 
Next, we determined the new feed by taking a reflection step into the region towa.rcl the 
middle point of the opposite bordering tie line. The step size is calculated as a fraction of 
the distance between the reflection point on the bordering tie line and the middle point of 
the opposite bordering tie line, dli. The projected point becomes the new feed. The middle 
point of the tie line is chosen as that is where the LLE calculation <mel the thermodynamic 
equilibrium model a.re most stable. 
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Figure 3.15: A schematic representation of the feed recalculation approach for regions 1 
and 2. 
The calculation is simplified as Equation (3.13). 
dl; (::). d; 
W; = W; + 90% . " . dl; 
(3.12) 
(3.13) 
w; the vector of mass fractions of the components and n. is either +1 or -1 depending on 
the location of the feed; n. = -1 if the feed lies in either region 1 or 3, which is on the upper 
side of the two-phase region, and n. = +1 if the feed is in region 2 or 4. \.Ye perform similar 
reflection steps for all regions. 90% is the percentage for the reflection step taken toward 
the middle point of the opposite bordering tie line. 
The calculations for infeasible feed compositions that lie in regions 1 and 2 (refer to 
Figure 3.14) and that are located orthogonally to the two-phase region are straight-forward. 
However, the feed compositions that lie at the top-left corner and the bottom-right corner 
of regions 1 and 2 have to be projected orthogonally twice, once onto the orthogonal border 
lines that go through the phase composition of the bordering tie line, and another time onto 
the bordering tie line itself. In these cases, the step size depends on the ratio between the 
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orthogonal distance from the orthogonal border line to the feed and to the end border. 
For infeasible feeds that lie in regions 3 and 4, we project the feed onto the border lines 
that connect the phase compositions of the bordering tie lines. In this case, the projection 
is not performed orthogonally due to the location of the feed, but it is performed in parallel 
with the tie lines. The step size taken into the two-phase region is a fraction of the length 
of the parallel tie line. That fraction is the ratio between the distances from the feed to the 
extended bordering tie lines. Figure :3.16 illustrates such a reflection step for region 4. 
• infeasible feed 
• new feed 
0 reflection point 
0 phase compositions 
'"'" parallel tie line 
- extended bordering tie lines 
Figure 3.16: A schematic representation of the feed recalculation approach for region 4. 
Case Study 
We used this feed feasibility approach in the flowsheet calculation for a two-stage multi-type 
configuration consisting of water-PEG6000-DxT500 system in Stage 1 and water-PEG6000-
Na3P04 system in Stage 2 (types 13 and14) as shown in Figure 3.3. For the LLE calculation 
in Stage 1, we assumed the presence of water, PEG6000, DxT500 and small amounts of 
Na3P04, phosphofructokinase and ovalbumin. For the LLE calculation in Stage 2, we 
assumed the presence of water, PEG6000, Na3P04 and small amounts of DxT500, phos-
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phofructokinase and ovalbumin. The pm·ameters used for the ATPESs <u-e listed in Tables 
B.1 and B.2. The panuneters used for the proteins <He listed in Table B.3. Here, we simu-
lated the extraction phosphofructokinase from a protein feed containing 99.924 lb·lu·- 1 of 
water, 0.038 lb·hr- 1 of phosphofructokinase and 0.038 lb·lu·- 1 of ovalbumin, while consid-
ering the PEG recycle alternative. \Ve specified the reduction for the feasible region to be: 
b; = [0.05, 0.05, 0.1, 0.1] (Equations (:3.10) and (3.11)). These values were based on the 
range of compositions for which the calculated weighting factors were applicable for this 
case study. The range is the range of compositions we used in the LLE calculation work 
discussed in Section 3.3.1. 
Figures 3.17(a.) anc13.17(b) exhibit plots of the intermediate feed compositions calculated 
in each iteration for Stages 1 and 2, respectively. The two-phase regions, bordered by the 
green lines, are the feasible regions. \Ve can see that the initial feed composition for Stage 
1, numbered as 1, is infeasible, hence we calculated a. new feasible feed composition that 
is numbered as 2 in the first phase diagram. This feed composition was feasible for Stage 
1. However, for this feed, the LLE calculation and ma.ss balance calculation prod need an 
infeasible feed composition in Stage 2, numbered as 2 in the second plwse cliagrarn. The feed 
recalculation approach cleterrninecl a. new feasible feed composition, numbered as 3 that wa.s 
feasible in both Stages 1 aud 2. For this feasible feed, the recycle convergence routine was 
initialized and the iterations for the recycle calculation stm·t. During the recycle calculation, 
we arrived at an infeasible feed composition which in turn restarted the iterations for the 
feasible feed calculations. \Ve repeated these steps until we obtained feasible feeds that 
aUow the recycle to converge. The feed compositions indicated by reel points in Figure 
3.17 were of the first series of iterations for the recycle calculation, the feed compositions 
indicated by clark blues points were produced in the second series and the gray, in the third. 
The recycle calculations converged in 20 iterations with a tolerance of 10-2 on the relative 
deviation in the summation of mass fractions and f!owrates. The light blues points were 
the converged feed c01npositious for Sta.ges 1 a.nd 2. 
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Figure 3.17: The pha.'le diagram and the feeds generated through iterative calculation of 
recycle composition and feasible feed composition for a phosphofructokinase extraction flow-
sheet consisting ofwater-PEG6000-DxT500 system in Stage 1 and water-PEG6000-Na3P04 
system in stage 2 (type 14 system). The flowsheet is shown in Figure 3.3. (a) Stage 1 (b) 
Stage 2. 
Again, the purpose of this recalculation step wa.'l to provide a heuristic approach to calcu-
late the feasible flowsheet continuously and automatically. This step was necessary to ensure 
that LLE calculations were performed on feeds that lie inside of the feasible region(s). This 
is becawse the feasible region for the two-phase occurrence fulfills the thermodynamic model 
and guarantees stability and convergence of the LLE calculation. The LLE calculation itself 
gives no means for the framework to exit from an unconverged iteration and create a new 
feasible feed. However, this approach may give rise to cycling in the calculations, as the 
reflection step may produce the same feeds that initialized the same recycle convergence 
iterations. This issue wa.'l overcome by using \Vegstein's method, where the acceleration 
parameter, and hence the step size, changes with each iteration. 
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3.5 Performance, Settling Rate and Cost Calculations 
The performance of the extraction process was evaluated by the purity and yield of the 
t;uget protein after the extraction. The purity of the tm·get protein is defined as 
. amount of tm·get protein in product stream F6 pun ty = -----:--:-:---=--'-:--,-----,---'------:------=-
. amount of all proteins in the product stream F6 
(3.14) 
Note here that F6 is always the product stream regardless of the flowsheet type. The yield 
of the target protein was defined as 
. amount of target protein in product stream F6 
v1eld = . . 
" amount of target protein in the protein teed stream Fo (3.15) 
Typically, bioprocessing operations are designed to ma.ximize yield lor a given purity con-
straint. 
The major factor impacting throughput in ATPES is the titne required for phase separa-
tion or settling to occur. Larger settling rates permit hu·ger throughputs. The settling rate 
of an ATPES, ~;, was calculated using a semi-empirical correlation proposed by Asenjo et 
al. [14]: 
(6.p){3 (a)' Pc a.w (3.16) dh _ (J.ld) 0 --(- - . dt Jl·c 
Here (, o, (J and 1 are dimensionless coefficients specific to the system, I'· is the viscosity, a 
is the interfacial tension between the phases and p is the density. 6. indicates the difference 
in a value between the phases. The interfacial tension of water, aw is 72.8 dynes· cm-I 
The values of the coefficients m·e listed in Table 3.2. 
The subscript ·w denotes water, and c and d denote the continuous and discontinuous 
phases. Continuous and discontinuous phases are determined using the phase inversion 
point as illustrated in Figure 3.18 which is an empirically pre-determined property of the 
particular phase diagram for the system [93, 92, 121]. Phase inversion is the phenomenon 
in which the dispersed droplets coalesce and become a continuous phase and a continuous 
phase disperses into droplets [93, 92, 121]. This phenornenon causes a drmnntic change in 
the separation time over a small interval of phase ratio [93, 92, I 21]. 
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Coefficients Top Continuous Phase Bottom Continuous Phase 
( 1.435 0.0204 
a 2.148 0.144 
(3 -1.062 -0.555 
I -0.971 -0.079 
Table 3.2: The coefficients used in the settling rate calculations for water-PEG-Dx and 
water-PEG-phosphate systems [14]. 
In this work, we used 0.0:341 voljvol % as the PEG phase inversion point and 0.0321 
voljvol % as the Dx inversion point in LLE calculations for the water-PEG6000-DxT500 
system. In the calculations for the water-PEG6000-Na3 P04 system, we used 0.070 voljvol 
%for PEG and 0.035 voljvol %for NaaP04. These values were calculated by interpolating 
among the pre-calculated LLE compositions presented in Section 3.3.1, and are comparable 
to those used by Asenjo et al. [14], -i.e. 0.080 wjw% as the PEG phase inversion point and 
0.090 w jw % as the phosphate inversion point. Asenjo et al. [14] reported separation rates 
of 2.0 X w-3 - 3.0 X w-3m·s-l for PEG-phosphate systems with continuous top phases 
and 1.0 x 10-3 - 7.0 x 10-:l m·s- 1 for systems with continuous bottom phases. 
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Figure :3.18: A schematic representation of a. phase inversion point. An ATPES has a 
continuous top-phase if its mixture composition lies to the left of the vertical line, and has 
a continuous bottom phase otherwise. 
Operational costs are an important consideration in the design of bioprocessing opera-
tions. The cost for the flowsheet is captured in a dimensionless factor given in Equation 
(:317) [76, 75, 169]. 
( I )''' Cost = '2.: c; · ;i 
t 
(3.17) 
The subscript i indicates the performance criterion; I; is the inverse of ·ith performance 
criterion, i = 1 denotes purification performance which is the purity of the target protein 
and 2 denotes the production performance which is the yield of the target protein; e; is the 
weight for each criterion where L; e; = 1; B; is dimensionless factor for criterion i, and 'l)i 
is its scaling index. The values of the coefficients are listed in Table 3.3. 
The higher the yield obtained in the extraction unit, the less yield from production step 
or other recovery process is required, thus the lower the cost. If high purity is obtained in 
the extraction unit, the requirement for the final purification step is lessen, and this lowers 
the cost. 
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Coefficients Purification Yield I 
c 0.4 0.6 
B 2.1767 1.1325 
·q 0.40 0.66 
Table 3.:3: The coefficients used in the cost calculations for ATPES-based protein extraction 
[76, 75]. 
3.6 Flowsheet Calculation 
The flowchart presented in Figure :3.19 summarizes the calculation steps used to determine 
the performance of a given flowsheet type for given feed conditions. For a specified protein 
feed, we estirnated the feeds of fresh phase-forming components to each stage. vVe calculated 
the average feed into Stage 1 and perform the feed-feasibility checking, as described in 
Sections :3.2.1 and :3.4.1, respectively. If the feed is infe<1Sible, we recalculated a. new feed 
using the heuristic reflection approach presented in Section 3.4.2. Else, we proceeded to 
calculate the LLE behavior in Stage 1 using the LLE calculation routine that is based on 
the sequential Gibbs energy of mixing minimization approach, that was presented in Section 
:3.3. \·Ve performed the same steps for Stage 2 of a two-stage flowsheet. vVe next solved for 
the recycle strearn composition for the flowsheet designs with the recycle alternative using 
the approaches presented in Section a.2.2. Upon recycle convergence, we evaluated the 
flowsheet performance in terms of purity and yield of the taJ·get protein, and estimated the 
cost factor and the settling rate in each stage, using the approaches and equations presented 
in Section 3.5. 
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Figure :3.19: The flowchart sumnu<rizes the flowsheet calculation steps. 
3. 7 Flowsheet Simulation Framework 
\Ve assembled all the routines written for different purposes as described in the previous 
sections into a flowsheet simulation framework for the ATPES application. The calculation 
steps are presented in a flowchart in Figure 3.20. Here, each box represents an extraction 
stage, the number 1 in the box indicates aqueous polymer mixture system and the number 
2, aqueous polymer-salt system. The gray shading indicates the preferential pmtitioning of 
the target protein in the ATPES. The numbers at the top of each decision block indicate 
the classifications that will be described later. 
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Figure 3.20: A schematic representation of the operation of the flowsheet calculation frame-
work. 
As shown in Figure 3.20, for specified phase-forming components, t,u·get protein and 
contaminant, we calculated the weighting factor of each component in the systern and 
the LLE compositions for the ATPES in a specified composition space using the approach 
presented in Section 3.3. Based the LLE data, we calculated the average partition coefficient 
of the tm·get protein in each type of ATPES, and generated flowsheets based on which 
ATPES type offers better partitioning. The details for the conditions used for the flowsheet 
selection will be presented later. \Ve had to limit the flowsheet selection in this way as 
the simultaneous flowsheet and LLE calculations break down for the polymer and protein 
stream, F:1 in a. two-stage flowsheet, if it does not contain the proteins. \Ve believe that 
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schematic selection based on the average partitioning behavior is reasonable a.5 the partition 
coefficient values are consistent over the defined composition range, as shown in Sections 3.3 
and 2.3. It is uncommon for a protein to change its behavior and partition into the opposite 
phase unless some protein surface modification such as changing protein charge or structure 
is accounted for. For instance, if the target protein partitions better into the bottom-phase 
of an aqueous polymer mixture system, like phosphofructokinase in the case study reported 
in Section 3.3, then the alternatives are set up according to the conditions specified. The 
flowsheet selections m·e based on the log<u·ithmic values of the average pmtition coefficient 
of the target protein in the aqueous polymer mixture system, lu I<:p,l, and in the aqueous 
polymer-salt system, In Kp,2· Here the flowsheet selection categories m·e nurnbered 1, 2, 3 
and 4 and m·e parsed according to the conditions listed. 
1. tm·get protein partitions into the top phase in the chosen aqueous polymer mixture 
system if the logm·ithm of its pmtition coefficient in the polymer mixture system is 
larger than zero and its magnitude is hu·ger than that in the chosen polyrner-salt 
system; 
In Kp,l > 0 & fin I<:p,1f > fin Kp,2f 
2. tm·get protein partitions into the bottom phase in the chosen aqueous polymer mixture 
system if the log<u-ithm of its partition coefficient in the polymer mixture system is 
less tlmn zero and its magnitude is larger than that in the chosen polymer-salt system; 
In Kp,l < 0 & fln Kp,1f > fln K 7>,2[ 
3. target protein partitions into the top phase in the chosen aqueous polymer-salt system 
if the logarithm of its partition coefficient in the polymer-salt system is larger than 
zero and its magnitude is larger than that in the chosen polymer mixture system; 
In Kp,2 > 0 & fin Kp,2f > fin Kp,J[ 
4. target protein partitions into the bottonr phnse in the chosen aqueous polyrner-snlt 
system if the logarithm of its partition coefficient in the polyrner-salt systern is less 
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than zero and its rnagnitude is lm·ger than that in the chosen polymer mixture system; 
In Kp,2 < 0 & lln Kp,2l > lln Kp,1l 
As mentioned before, the category numbers are at the top of each decision block in Figure 
3.20. 
\Ve next configure the flowsheets according to which category offers the most logical 
extraction format for the target protein, as shown in Figure 3.20. Finally, for each flowsheet 
we calculate how much of each phase-forming component is needed to extract the target 
protein from the specified protein feed and this is symbolized by the gray mTows in the 
figure. 
3.7.1 Case Study 
vVe simulated the flowsheets for the extraction of phosphofructokinase in water-PEG6000-
DxT500 and water-PEG6000-Na..1P03 systems containing phosphofructokinase and oval-
bumin, the case study we presented in Section 3.3.1. For the LLE calculation for the 
water-PEG6000-DxT500 system, we assumed the presence of water, PEG6000, DxT500 
and small amounts of Na3P04, phosphofructokinase and ovalbumin. For the LLE calcu-
lation for water-PEG6000-Na.1P03 system, we assumed the presence of water, PEG6000, 
Na3P04 and small mnounts of DxT500, phosphofructokinase and ovalbumin. The param-
eters for the ATPESs and proteins are listed in Tables B.l, B.2 and B.4 in Appendix B. 
In Section 3.3.1, we showed that phosphofructokinase partitions preferentially to the bot-
torn phase in the water-PEG6000-DxT500 system. Hence, the flowsheets considered for the 
phosphofructokinase extraction using the ATPES aforementioned aJ·e 
1. a two-successive-stage unit containing water-PEG6000-DxT500 systems with recovery 
in the bottom phase, with PEG recycle, type 8, 
2. a two-successive-stage unit containing water-PEG6000-DxT500 systems with recovery 
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in the bottom phase, without PEG recycle, type 7, 
3. a one-stage unit containing water-PEG6000-DxT500 system, with recovery m the 
bottom phase, type 2. 
Considering these flowsheets, the LLE calculation involved in the flowsheet simulation is for 
the water-PEG6000-DxT500 system. Hence, the phase-forming components considered are 
water, PEG6000 and DxT500, and we assume the presence of Na3P04 , phosphofructokinase 
and ovalbumin at dilute concentrations. 
In the calculations for the two-stage flowsheet with recycle alternative, for a specified 
protein feed stream F0 , we determined how much PEG6000 and DxT500 m-e needed in the 
polymer feed F 1 and fresh feed of PEG6000 Fs to Stage 2 to pm·tition phosphofructokinase 
into the bottom phase, while having feasible feeds to both stages and permitting recycle 
loop convergence, and estimate settling rate in each stage and evaluate the purity and 
yield of phosphofructokinase and the cost factor. Except for the recycle calculation, the 
calculations are similm· for the two-stage flowsheet without recycle alternative. For the one-
stage flowsheet, we calculated how much polyrner we need to extract phosphofructokinase 
from the specified protein feed using one stage. 
In this work, for a specified protein feed that contains water, phosphofructokiuase and 
ovalbumin, we calculated the 
1. compositions of phase-forming polyrners in the polymer feed wi,l, 
2. compositions of the phase-fanning polymer in the second fresh feed for a two-stage 
operation Wi,5, 
:3. total mass flowrate of the polymer feed, F1, and 
4. tota.l mass flowrate of the second fresh feed, F5 for a. second stage, if ueeded. 
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These calculated values give converged recycle streams with the average overall feed com-
positions lie in the feasible regions for the ATPES. 
\Ve presented sarnple calculation results for the possible feasible designs for the alterna-
tives in Table 3.5. For the feasible region, we specified the percentages of reduction to be: 
b; = [0.1, 0.1, 0.1, 0.1] (Equations (3.10) and (3.11)). These V<llues were based on the 
range of compositions we used in the LLE calculation work discussed in Section 3.3.1. The 
range is the range of cornpositions which the calculated weighting factors were applicable 
for this case study. In the following examples, we initialized the calculations using random 
feeds and use the routines presented earlier to calculate feasible flowsheets for a specified 
protein feed. Each feasible flowsheet was not unique or optimal; each protein feed could 
have multiple phase-forming component feeds that would lead to different feasible solutions 
for a given flowsheet. The settling rates, yield and purity of phosphofructokinase, and cost 
factor were evaluated for each feasible flowsheet upon convergence. 
Table 3.4 lists the mass rates of phase-forming components and proteins used to initialize 
the flowsheet simulations 1 and the values obtained for each simulation previously listed. In 
all simulations, we calculated the flowsheets according to the steps described in Section 3.7. 
Table 3.4 shows that for the flowsheet type 8, a two-stage extraction unit with PEG 
recycle that contains water-PEG6000-DxT500 systems, the initial feed of phase-forming 
components to Stage 1, F 1 , has high amounts of PEG and Dx, nutking the overall average 
composition to Stage 1 infeasible. \Ve calculated new feasible feed composition using the 
method presented in Section :3.4.2. The recycle estimate was far off the converged value 
and hence we performed many iterations to converge the recycle loop. As a consequence, 
we see that the computation time for this calculation is high, as shown in Table :3.5. 
For flowsheet type 7, a two-stage extraction unit, and flowsheet type 2, a one-stage 
extraction unit, there was no recycle strea.rn and the estimated polymer feeds were near to 
1 relative error tolerance on recycle convergence = 0.1 %: absolute error tolerance 011 Gibbs energy of 
mixing 111inimization = 1.0 x J0- 6 (.J) for objective function: 1.0 x 10-R (vol/vol) for variables. 
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the converged solutions. Consequently, the compositions were not changed much, and the 
computation times were low. 
Design Initial Feed (lb·hr- 1 ) Converged Feed (lb·hr- 1 ) 
water PEG Ox PFK ovA water PEG Ox PFK ovA 
type 8 
Fo 99.9 - 0.019 0.019 99.9 - - 0.019 0.019 
F, 36.8 29.8 33.<1 - - 55.2 19.6 25.2 - -
1'2 99.0 1.0 0.0 0.0 0.0 56.7 9.7 0.0001 0.008 0.011 
H:, 90.0 10.0 - - 90.0 10.0 0.0 - -
F6 - - - - - 138.0 iJ.9 25.2 0.011 0.008 
type 7 
Fo 99.9 - - 0.013 0.013 99.9 - - 0.01:3 0.013 
F, 53.:3 22.6 24.1 - 57.0 20.6 22.tl -
1'5 90.0 10.0 - - 90.0 10.0 0.0 - -
Fo - - - - 124.4 4.5 22.'1 0.009 0.005 
type 2 
Fo 99.9 - - 0.013 0.013 99.9 - - 0.013 0.013 
F, 57.0 20.6 22.4 - - 57.0 20.6 22.4 -
Fo - - - - - 79.8 2.1 22.4 0.009 0.007 
Table 3.4: The mass flowrates of phase-forming cornponents and proteins calculated for 
phosphofructokina.o;e extraction using water-PEG6000-DxT500 system containing small 
arnounts of Na3 P0,1, phosphofructokina-Se and ovalbumin for the sirnulations presented in 
Table 3.5. 
Table 3.5 presents the values of settling rates, purity and yield of phosphofructokinase, 
and cost that we were able to solve, and the computation tirne2 taken for the fiowsheet sim-
ulations presented in Table 3.4. The sample calculations show that the flowsheet simulation 
framework coupling thermodynamic and fiowsheet calculations executes successfully. 
2 lVIachine: P4 Xeon@ 2A Gl-lz with 2 CB RAM: relative error tolerance on recycle convergence= 0.1 
%, absolute error tolerance on Gibbs energy of mixing rninimiz.ation = 1.0 x 10-G {.J) for objective function: 
1.0 x 10-8 (vol/vol) for variables. 
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Design Settling Purity Yield Cost Solution Iteration: Iteration: 
Rate (m·s- 1 ) ('7o) (%) (-) Time (s)" Reflection Recycle 
type 8 4.1 X 10-5 57.5 59.3 1.846 6856 I 1590 
1.3 x w-' 
type 7 rl.4 X 10-5 62.5 68.0 1.067 5.6 I -
1.2 X 10-5 
type 2 tl.4 X 10- 5 55.9 69.9 1.070 2.8 I 
-
Table 3.5: Sample simulation results calculated for phosphofructokinase extraction using 
water-PEG6000-DxT500 systems containing small amounts of Na3P0,1, phosphofructoki-
nase and ovalbumin. 
Table :3.6 lists the percentage of each performance criterion contributing to the overall 
cost, calculated via Equation (3.17), for the flowsheets presented in Tables 3.5 and 3.4. 
In the three cases, we see that the cost breakdowns between the performance criterion 
are similar. These percentages were similar to the values of the weights we used in the cost 
factor estimation using Equation (3.17). 
Design Estimated Cost by Estimated Cost by 
Purity (%) Yield (%) 
type 8 31.9 68.1 
type 7 3:3.2 66.8 
type 2 34.6 65.4 
Table 3.6: Breakdown of cost factors (Equation (~1.17)) for the flowsheets simulated for phos-
phofructokinase extraction using water-PEG6000-DxT500 systern containing small amounts 
of Na3 P0,1, phosphofructokinase and ovalbumin, presented in Table :3.5. 
These results demonstrate that we ha.ve developed a successful autonomous frarnework 
that cou pies therrnoclynarnic and flowsheet calculations to sinmlate different flowsheets and 
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to evaluate the cost and performance for a given target protein. This framework provides 
a good basis for the design optimization work, where we can minimize the cost subject to 
specific settling rate criteria. 
Feasibility For Different Protein Mass Flowrates 
\Ve also calculated possible feasible alternatives for the two-stage multi-type extraction 
(flowsheet type 14, refer to Figure a.3) of phosphofructokinase, for three different protein 
feeds: when the mass flowrate of phosphofructokinase is half, equal and twice of that of 
ovalbumin. Similar to the previous work, we initialized the calculations using random 
feeds and used the same approaches to calculate feasible flowsheets for the protein feeds. 
Again, each feasible flowsheet was not unique or optimal; each protein feed could have 
multiple phase-forming component feeds that would lead to different feasible solutions for 
a given flowsheet. The purity and yield of phosphofructokinase, cost factor, settling rates 
in the stages and the computation times were evaluated for each feasible flowsheet upon 
convergence. 
Here we used the water-PEG6000-DxT500 system in Stage 1 and water-PEG6000-Na:JPO" 
system in Stage 2, as illustrated in Figure :3.3. \Ve considered the PEG recycle loop in this 
simulation, a type 14 flowsheet, and we initi<tted the calculations using a fe;l.Sible feed to 
Stage 1. The parameters we used for the ATPES a.re listed in Tables B.1 and B.2. The 
panuneters used for the proteins <Ue listed in Table B.5. Here, we extracted phosphofruc-
tokinase from a protein feed of 99.92 lb-lu·- 1 water, 0.038 lb·tu·- 1 phosphofructokinase and 
0.0190,0.038 and 0.0760 lb·lu·- 1 ovalbumin. \Ve specified the reduction for the fe<l.Sible re-
gion to be: b; = [0.05, 0.05, 0.1, 0.1] (Equations (3.10) and (3.11)). These values were 
based on the range of compositions for which the calculated weighting factors were applica-
ble for this e<l.Se study. The range of the compositions was the range used when calculating 
the system LLE compositions, as described in Section 3.:3.1. 
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Table 3. i 3 lists the sample results calculated for the extraction of phosphofructokimlSe 
using the two-stage multi-type unit with PEG recycle for the three protein mass flowrates. 
Ratio Purity Yield Cost Settling Rate Settling Rate Solution 
(%) (%) Factor (-) 1 (m·s- 1 ) 2 (m·s- 1 ) Time (s) 
1:2 83.0 99.9 0.2i03 1.14 X 10-6 1.70 x 10-3 1.72 x103 
1:2 0.001 0.002 16.3715 1.14 X 10-6 1.80 x w-3 l.i3 X 103 
2:1 0.091 0.002 23.0141 1.18 x1o-6 1.60 X 10-:3 1.84 X 103 
Table 3. 7: Sample simulation results calculated for phosphofructokinase extraction using a 
two-stage multi-type extraction unit (Figure 3.3) with the water-PEG6000-DxT500 system 
in Stage 1 and \V<tter-PEG6000-NaaPO" system in Stage 2, for three m<lSS flowrate ratios 
between phosphofructokimlSe and ovalbumin. PFK = phosphofructokinase. 
The second and third columns of Table 3. 7 report values of purity and yield of phos-
phofructokinase achieved when using three samples of converged fe<lSible flowsheets. The 
fea.>ible phase-forming component feeds calculated for the different proteins feeds led to 
the converged flowsheets, giving the various extraction performance. This is clue to the 
partitioning behavior of the proteins in the stages that depends on the average overall 
compositions of the ph<lSe-forming components to each stage. Due to the low yields and 
purities, we conclude that the converged flowsheet configuration found for the phospho-
fructokimlSe:ovalbumin nulSs flowrate of 1:1 and 2:1 cases are not suitable for phosphofruc-
tokimlSe extraction. However, using different plulSe-forrning cornponent feeds may lead to 
better converged flowsheets. Our converged calculation for the 1:2 case however, gives a 
possible operation with a high yield and purity for phosphofructokinase. 
As indicated by fourth column of Table 3.7, the feasible converged flowsheet calculated 
:Jl'Vlachinc: P4 Xeon@ 2.4 CHz with 2 CB llAlV1 1 relative error tolenHICC on recycle convergence= 0.1 
%:absolute error t.oleri'lnce 011 Gibbs energy of mixing minimization= 1.0 x 10-G (.J) for objective function: 
1.0 x 10-8 ( vol/vol) for variables. 
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for the cases of the mass flowrate of phosphofructokinase:ovalbumin of 1:1 and 2:1 gives 
high cost factors. This is because the converged flowsheets produce very low purities and 
yields for phosphofructokinase. The converged phaBe-forming component feeds found for 
these caBes offer low partitioning performances for the protein feed. The example converged 
flowsheet for the 1:2 case haB low cost factor because the flowsheet gives high purity and 
yield for phosphofructokinase. 
The settling rates for Stage 1 for the example converged flowsheets are listed in the 
fifth column of Table 3.7, and those for Stage 2, are listed in the sixth column. The 
rate values indicate that the feasible PEG-Ox systems calculated take a longer time to 
reach equilibrium than the feasible PEG-salt systems. This is reasonable aB the viscosity 
in PEG-Ox systerns is higher compared to that in PEG-salt systems [15, 16). In general, 
the settling rates in the stages depend on the location of the feed in the two-phase region 
and the phaBe volumes of the ATPES [157, 121, 92, 93, 15, 16). The rate in Stage 1 for 
the phosphofructokinaBe:ovalbumin of 2:1 maBs flowrate caBe, is the fastest because the 
example converged feaBible feed haB the most even phaBe volume. For Stage 2, this case has 
the slowest rate as the example converged feed lies nearest to the critical point among the 
three converged feeds. This is because this ATPES ha.'3 small density difference between the 
phases. 
The computation time reported for the third case, as reported in Table 3.7, is the longest 
time among the three cases to converge to a fea.<;ible feed. Using different initial phase-
forming component feeds and better recycle estimates rnay lead to shorter computation 
time. 
\Ve have demonstrated the application of our approach in calculating a multi-type two-
stage flowsheet configuration for three different protein feeds. \Ve have also been able to 
evaluate the perforrna.nce of these flowsheets and their cost factors, and estirnate the settling 
rates in the stages. 
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The Effect of the Mass Flowrate of Phase-Forming Components 
In this work, we studied how the yield and purity of phosphofructokinase change when 
increasing the phase-forming component mass fiowrate feel into Stage 1 for two flowsheet 
alternatives: one-stage and two-stage configurations. The fiowsheet ;1.lternatives were type 
1, 5, :3 and 9. The ATPESs used in the fiowsheets type 1 and 5 were the water-PEG6000-
DxT500 system that contains water, PEG6000 and DxT500, with small amounts of Na3P04, 
phosphofructokinase and ovalbumin. In the fiowsheets type 3 and 9, we used the water-
PEG6000-Na3P04 system that contains water, PEG6000 and Na3P04, with small amounts 
of DxT500, phosphofructokinase and ovalbumin. 
Table 3.8 lists the mass fiowra.tes used for the phase-forrning components in the flowsheet 
calculations. 
Design Component Mass Flowrates 
(lb·hr- 1) 
type 1 PEG 20.0 
& type 5 Dx 12.3 - 25.0 
PEG 1:1.6 - 20.0 
Dx 24.0 
type :3 PEG 20.0 
& type 9 Na+ 9.0 - 10.0 
PEG 18.5 - 23.1 
Na+ 9.3 
Table 3.8: The mass fiowrates of the phase-forming components used m the fiowsheet 
simulations of the phosphofructokinase extraction. 
Both phosphofructokinase aucl ova.! burn in mass flowra.tes were fixed a.t 0.01:3 lb·ill·- 1; the 
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initial purity of the protein feed stream was 50%. The pm·ameters for the ATPESs and 
proteins m·e listed in Tables B.1, B.2 and B.4 111 Appendix B. For the feasible region, we 
specified the percentages of reduction to be: b; = [0.1, 0.1, 0.1, 0.1] (Equations (3.10) 
<tnd (3.11)). These values were based on the range of compositions we used in the LLE 
calculation work discussed in Section 3.3.1, and is the range of compositions for which the 
calculated weighting factors were applicable for this case study. In both types of ATPES, 
phosphofructokinase partitions to the bottom phase, as presented in Section 3.3.1. 
One-Stage Extraction Unit with Water-PEG6000-DxT500 System (Type 1) 
\Ve calculated the ftowsheet for one-stage extraction process containing water-PEG6000-
DxT500 ATPES with small amounts of Na:3P04 , phosphofructokinase a.nd ovalbumin, and 
observed the trend between purity and yield of phosphofructokinase when increasing the 
PEG a.nd Dx mass flowrates used in the extraction process, within the range given in Table 
3.8. In Figure 3.21, the solid line indicates increasing mass flowrate of PEG and the clashed 
line indicates increasing mass ftowrate of Dx. The mTows point out the yield trend when 
increasing the ma.5s ftowra.tes. As indicated by this arrow, as we either decrease the PEG 
mass flowrate or increase Dx mass flowrate, the yield of phosphofructokinase extracted using 
this flowsheet is increased. This happens because phosphofructokim~c;e prefers the Dx phase 
and has a repulsive interaction with PEG and an attractive interaction with Dx. Hence, 
more phosphofructokinase partitions into the bottom Dx-rich phase, the phase in which 
phosphofructokinase is recovered, when more Dx is used. l'deanwhile, phosphofructokinase 
purity deCl·eases because as more Dx is used, the volume of the bottom-phase becomes 
larger, capturing more of the contaminant protein. 
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Figure 3.21: The purity and yield trends for phosphofructokinase extraction from oval-
bumin using one-stage extraction unit (type 1) with the water-PEG6000-DxT500 ATPES 
containing small <tmounts of Na:3P04, phosphofructokinase and ovalbumin, when wu·ying 
PEG m<tSS flowrates in the range of 13.6 - 20.0 lb·lu- 1 while keeping Dx mass flowrate 
constant at 24.0 lb·lu- 1 and when vm-ying Dx mass flowrates in the range of 12.3 - 25.0 
lb·lu·- 1 while keeping PEG mass f!owrate constant at 20.0 lb·lu- 1, in Stage 1. 
Two-Stage Extraction Unit with Water-PEG6000-DxT500 Systems (Type 5) 
\Ve also determined the purity and yield of phosphofructokinase when using a two-stage 
unit with water-PEG6000-DxT500 ATPESs, containing small amounts of Na3PO,,, phos-
phofructokinase and ovalbumin, when increasing the mass flowra.tes of PEG and Dx fed 
into Stage 1 within the same range of overall compositions, given in Table 3.8, in Figure 
:1.22. In Figure 3.21, the solid line indicates increasing mass flowrate of PEG and the 
ch~c;hed line indicates increasing mass flowrate of Dx. The arrows point out the yield trend 
when increasing the mass flowrates. In this work, we assurned small amounts of Na~lP04 , 
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phosphofructokinase and ovalbumin were present in the ATPES. vVe observed the same 
trade off as that for the one-stage flowsheet calculation, shown in Figure 3.21. However, 
this trade-off occurs at lower yields and at higher purity, 71.0% and 61.0%, respectively 
compared to that of the one-stage set-up, which happens at 72.5% and 55.4%, respectively. 
The addition of a second stage can only decrease yield as no unit operation can provide 
100% yield. Further, the second stage provides a second opportunity to separate target 
from contaminant protein, improving purity. 
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Figure 3.22: The purity and yield trends for phosphofructokimlSe extraction from ovalbu-
min using two-stage extraction unit (type 5) with the water-PEG6000-DxT500 ATPESs 
containing small arnounts of Na3P04 , phosphofructokimlSe and ovalbumin, when varying 
PEG nHlSS flowrates in the range of 13.6 - 20.0 lb·lu·- 1 while keeping Dx m<lSS flowrate 
constant at 24.0 lb·lu·- 1 and when varying Dx mass flowrates in the range of 12.3 - 25.0 
lb·hr- 1 while keeping PEG mass flowrate constant at 20.0 lb-lu·- 1, in Stage 1. 
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One-Stage Extraction Unit with Water-PEG6000-Na3P04 System (Type 3) 
For comparison, we also plot the performance trade-off for the type 3 extraction process 
that uses the water-PEG6000-Na3P0,1 system. vVe assumed small amounts of DxT500, 
phosphofructokimlSe and ovalbumin were present in the ATPES. Simihu· to the previous 
flowsheet e<lSe st ucly, we calculated the performance for one-stage and two-stage extraction 
flowsheets. In these cases, the purity of phosphofructokinase is almost constant with respect 
to incre<lSing PEG and salt mass flowrates feel into the unit. This is because phosphofruc-
tokinase partitions at small degree into the bottom ph<lSe in an water-PEG6000-Na3P0,1 
system. Hence, only the yield trends are plotted against the mass flowrate of phase-forming 
components, <lS shown in Figures 3.23 and 3.24. Here, the solid line represents the yield 
of phosphofructokinase when varying PEG mass flowrate and the clashed line is for when 
vm·ying salt mass flowrate. The range of overall compositions used in this calculation is 
given in Table 3.8. 
In Figure 3.23, as the salt mass flowrate is incre<lSecl or the PEG nulSS flowrate is clecre<lSecl 
in the unit, the yield of phosphofructokinase is incre<lSed. This is because phosphofructok-
inase lulS an attractive interaction with salt and a repulsive interaction with PEG. Hence, 
more phosphofructokimlSe is recovered in the bottom salt ph<lSe when more salt is used. 
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Figure 3.23: The yield trend for phosphofructokinase extraction from ovalbumin using 
one-stage extraction unit (type 3) with the water-PEG6000-Na3 P04 ATPES containing 
small amounts of DxT500, phosphofructokinase ;wei ovalbumin, when v;u-ying PEG mass 
flowrates in the range of 18.5- 23.1 lb·lu·- 1 while keeping Na3P04 mass flowrate constant 
at 9.:3 lb·lll·- 1 and when wu-ying Na:3P04 mass flowrates in the range of 9.0- 10.0 lb·lu·- 1 
while keeping PEG rnass flowrate constant at 20.0 lb·hr- 1 , in Stage 1. 
Two-Stage Extraction Unit with Water-PEG6000-Na3P0,1 Systems (Type 9) 
For the two-stage type 9 configuration using water-PEG6000-Na3 P04 ATPESs containing 
small amounts of DxT500, phosphofructokinase and ovalbumin, we also observed a similar 
trend, as shown in Figure 3.24. \Ve assume small presence of DxT500 in the unit. The solid 
line represents the yield trend for phosphofructokinase when varying PEG mass flowrate 
and the clashed line represents the yield trend varying salt rnass flowrate. The range of 
overall compositions used in this calculation is given in Table :3.8. 
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Figure 3.24: The yield trend for phosphofructokinase extraction from ovalbumin using 
two-stage extraction unit (type 9) with the water-PEG6000-N,,3P04 ATPESs containing 
small amounts of DxT500, phosphofructokinase and ovalbumin, when varying PEG mass 
ftowrates in the range of 18.5 - 23.1 lb·lu- 1 while keeping N a3P0,1 mass flow rate constant 
<et 9.3 lb·hr- 1 and when v<uying Na.3P0,1 mass ftowrates in the range of 9.0- 10.0 lb·lu- 1 
while keeping PEG mass ftowrate constant at 20.0 lb·lu·- 1 , in Stage 1. 
Figure 3.24 shows that by increasing the salt mass ftowrate or decreasing the PEG mass 
flow rate used in the unit, the phosphofructokinase yield is increased. This trend is simihu 
to that of the one-stage unit where the ma.xirnum yield achieved is lower compared to that 
of the one-stage configuration. This lower maximum yield is because there is additional loss 
in yield in the second stage. 
These results show that our framework is able to capture the phosphofructokinase par-
titioning behavior, consistent with prevailing thermodynamic and physical theory. This 
further shows that we me able to use the frarnework to sirnulate different flowsheets that 
are specific for a target protein a.ud observe the ftowsheet perforrnauce and cost. 
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3.8 Conclusion 
vVe have presented a flowsheet simulation and evaluation approach that incorporates a sta-
ble and improved thermodynamic calculation and an autonomous flowsheet calculation. 
The thermodynamic calculation approach was demonstrated to be applicable and reliable 
for calculations for a seven-component system within a confined range of composition and 
panuneter space. vVe were able to calculate equilibrium phase compositions and pm·ti-
tion coefficients for all the components in a water-PEG6000-DxT500 system containing 
small amounts of Na3P04 , phosphofructokinnse and ovalbumin, and in a water-PEG6000-
Na3P0,1 system containing small amounts of DxT500, phosphofructokinase and ovalbumin. 
Due to the enthalpic effects and entropic contribution by all components in the ATPES, 
phosphofructokinase and ovalbumin partition into the bottom phase of the water-PEG6000-
DxT500 systern, a.nd phosphofructokinase partitions into the bottom phase and ovalbumin 
partitions into the top phase in the water-PEG6000-Na3P04 system. 
\Ve also presented a flowsheet calculation approach that combined heuristic approaches 
for feed-feasibility check, feasible-feed calculation, recycle convergence calculation, and per-
formance and cost evaluations. \·Ve have reported values of settling rates, performance a.nd 
cost for different sample flowsheets for a case study on phosphofructokinase extraction from 
a protein feed of ovalbumin, phosphofructokinase a.nd water, in a water-PEG6000-DxT500 
system containing a small amount of Na3 P04 . Here we proved the success of our flow-
sheet calculation approach for multiple flowsheet configurations: one-stage and two-stage 
flowsheets, with and without PEG recycle loop. \Ve next reported the results frorn our 
calculation for different protein feeds that contained different ratios of phosphofructokinase 
and ovalbumin. \Ve demonstrated the success of our autonomous feasible flowsheet caJcula-
tion approach for multi-type two-stage ftowsheet with PEG recycle and for different protein 
feeds. 
\Ve also plotted the purity and yield trends for phosphofructokinase when using the one-
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stage and two-stage flowsheets containing either a water-PEG6000-DxT500 system con-
taining a small amount of Na3P04 or a water-PEG6000-Na:3P04 system containing a small 
amount of DxT500, for phosphofructokinase extraction. In this work, we demonstrated 
the success of our ftowsheet calculation approach for four different flowsheets that depicts 
expected behaviors. 
In all, we have presented a stable and successful ftowsheet calculation framework that can 
be developed as the basis for design optimization work. 




This chapter extends the f!owsheet sirnulation work presented in Chapter 3 to f!owsheet 
optimization. vVe created a framework tlmt encompasses the flowsheet and thermodynamic 
calculations and determines the optimal f!owsheet for the extraction of a specified protein 
feed using ATPESs. Vle present the results generated for extensions of the same case studies 
used earlier in Chapter 3. 
The realization of ATPES as a protein separation technology at industrial scales hinges 
not only on its technical potential and feasibility, but also on its economics. As discussed 
in Chapter :{, ATPES produced higher yield [22, 35, 102, 104, 105, 76, 123, 11], and could 
process higher cell nnl.'is comp<uecl to using the precipitation and chromatography-based 
process [104]. In general, ATPES is more attractive for large scale processes clue to the 
savings in energy and manpower, higher initial yields, better clarification a.nd the possibility 
of work at room temperature [102, 104] 
There are serious concerns related to the amount of plnl.'ie-forming polymer needed to 
extract a desired protein from a complex mixture using ATPES clue to its cost [21, 22, 105, 
102]. Another concern is the environmental impact of disposing of hu·ge quantities of spent 
polymers. One possible approach to reduce the magnitude of these concerns is to recycle 
PEG from the second stage in the first stage, and the savings were reported to be as high 
as 50 to 90%, depending on the protein feed [13, :35, :.>4, 78, 1.50]. 
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Another approach to reduce polymer consumption and waste is to use polyrner-sa.lt sys-
tems. Salts are less expensive, in general, than dextran for example and offer higher phase 
separation nttes due to lower solution viscosities [171, 170). The cost evaluation performed 
by Greve et al. [59) showed that the cost of recycling of salt was in the range of purchase 
price and waste treatment cost for the salt. This [59) indicated the technical and economical 
feasibility of the salt recycling in a protein ATPES-based extraction process. 
Huenupi et al. [76) had performed a specific flowsheet optimization study based on costs 
that used empirical thennodynamic correlations for a two-stage extraction unit containing 
PEG-phosphate systems. They [76) reported optimal steady state process conditions for the 
sep<u·ation of a-amylase from Bacillus subtilis supernatant in the PEG-phosphate systems 
containing sodium chloride. There was some cost evaluation work performed by different 
groups on ATPES-based protein separation processes that focused on specific a ATPES 
or target protein [76, 21, 22, 104, 105, 103, 102, 101, 35), or combination of sep<mttion 
rnethod(s) with ATPES [114, 115). 
\\ie develop a prelimimuy generalized cost minimization approach that determines the 
minimum cost required to operate an extraction unit that uses polymers or /and polymer-
salt ATPESs, in either one-stage or two-stage units, subject to the ATPES settling rate(s) 
and feasible region(s). Our work adopts the cost function used by Huenupi et al. [76) which 
differs from previous case-specific cost evaluations [21, 22, 104, 105, 103, 102, 101, 35) in 
that the cost is expressed as a dimensionless function (Equation (3.17)) that captures the 
sepm·ation performance for the target protein. The settling rate(s) and the fea.<;ible re-
gions presented in Sections 3.5 and 3.4.1, respectively, provide the constraints for our work. 
This optimization contains the flowsheet simulation that in turn integrates the LLE behav-
ior, nH1SS balances and recycle convergence calculations. In comparison to the empirical 
correlation-based cost rninirnization performed by Huenupi et al. [76), we use a generalized 
thermodynamic modeling framework based on Flory-Huggins theory [.52, 77) to calculate 
the LLE behavior, which was presented in Section :3.:1. In this chapter, we present a pre-
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liminary optimal design for the one-stage flowsheet considered for the caBe study used in 
Section 3.7.1 and discuss the issues faced when attempting to arrive at global solutions for 
the two-stage flowsheet optimizations. This work is the first to integrate a thermodynamic 
LLE model and heuristic flowsheet calculation into an optimization framework for ATPES. 
4.2 Flowsheet Optimization Framework 
Our focus W<1.'3 to develop an optimization framework with our flowsheet simulation embed-
ded within. Vle adopted the initial steps of pre-selecting the the most logical flowsheets 
according to the target protein gross partitioning behavior in each type of ATPES consid-
ered. \Vc consider one-stage and two-stage extraction units where each stage contains an 
aqueous polymer mixture or a polymer-salt system. 
These steps in the optimization are illustrated in Figure 4.1. Here, each box represents an 
extraction stage, the number 1 in the box indicates an aqueous polymer mixture system and 
the number 2, an aqueous polymer-salt system. The gray shading indicates the preferential 
p;utitioning of the t<uget protein in the ATPES. The numbers at the top of each decision 
block indicate the cla.ssificcctions described in Section 3.7. 
As shown in Figure 4.1, for pre-specified phase-forming components, target protein and 
contaminant, we calculated the weighting factors for the minimization of the Gibbs energy 
of mixing and calculated the LLE behavior using the approach presented in Section 3.:3. 
The values of the weighting factors used arc listed in Appendix C. vVc next calculated the 
bounds for the feasible two-phase regions for the ATPES based on the LLE data. Using the 
LLE data, we calculated the average partition coefficient of the target protein in each type 
of ATPES and generated flowshccts b<1.'3ed on which type offers better pm·titioning. The 
fiowsheet selections were based on the logarithm of the average p<utition coefficient of the 
target protein according to the conditions presented in Section 3. 7. 
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2. ATPS +protein 
3. all components 
* <no recycle 
recycle 
Figure 4.1: A schematic representation of the flowsheet optirnization approach. 
In the flowsheet simulation, the mass balances for each flowsheet were calculated according 
to the methods and equations given in Section 3.2.1. \Ve also considered polymer recycle 
possibilities and we drove the recycle calculation to convergence using the methods described 
in Section 3.2.2. The LLE behavior in the ATPESs was calculated using the sequential 
minimization of Gibbs energy of mixing based on the Flory-Huggins (FH) model [52, 77). 
This approach was presented in Section 3.3. Next, we performed the cost minimization 
on each ftowsheet subject to the constraints on the feasible two-phase region(s) and the 
settling rate(s) in the stage(s). For each flowsheet configuration, the optimizer considered 
the output from the ftowsheet sirnulation and generated a new input for the simulation that 
aimed to minimize the cost factor subject to the constraints. Finally, we generated optimal 
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feeds that gave the minimum cost factor for each suitable flowsheet configuration, after the 
error tolerances on the design variables, objective function and constraints were satisfied. 
4.3 Minimization of Cost 
vVe have developed a non-linear programming problem (NLP) to minimize the cost of each 
selected flowsheet configuration. The design variables considered were: 
1. the compositions of plwse-forrning components in the polymer feed w;, 1 , 
2. the compositions of the phase-forming components in the second fresh feed for a two-
stage operation w;, 0 , for a two-stage configuration, 
3. the total mass flowrate of the polymer feed, F 1 , and 
4. the second fresh feed, F5 for the second stage of a flowsheet configuration with a 
recycle alternative. 




[Cost,1·atek,¢7] = SimFS(w;,j,Fj,/JO.To.m.eteT) 
ndek > talk V k = stage 1, stage 2 
( k k ) A rfl2 - mz · ¢, - Cz :S 0 V z = 1, ... , 4(border) 
L ¢{ = 1 V j = 1, ... , 6(stream) 
i=l ... n 
lo;,j < W;,j < upi,j Vi= 1, ... , 7(component),.i = 1, ... , 6(stream) 
fto,i < F, </up,! 







( LJ. 7) 
(4.8) 
i = 1, ... , 7( cornponent), j = L ... , G(strcam), k = 1, 2(stage), z = 1, ... , 4(bordcr) 
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The flowsheet simulation was integrated in the cost minimization and is represented by the 
function 'SimPS' in Equation ( 4.2). The simulation included the LLE, mass balance and 
recycle convergence calculations. In the optimization study, we took out the feed-fe<1Sibility 
check and recalculation steps, allowing the optimizer to have a direct handle on the design 
variables. Vle did this because the optimizer searches for the optimal feed compositions 
and the total m<1SS flowrate b<1Sed on the gradients of the cost function and the constraints; 
any feasibility-check corrections would provide inconsistent gradients from one iteration to 
the next. Cost is calculated using Equation (3.17), and ndek is the settling rate in stage k 
given by Equation (3.16). 
Equation (4.3) is the constraint on the ATPES settling rate and talk is the minimum 
settling rate allowable for stage k. In this work, we use 1.0 x 10- 7 m·s- 1 for the aqueous 
polymer mixture system and 5.0 x 10-7 m·s- 1 for the aqueous polymer-salt system [14, 75]. 
These values reflect the ma .. ximum viscosity of the ATPESs and the size of equipment 
required for the extraction using ATPES. 
Equation (4.4) is the constraint that represents the fe<1Sible region in the two-dimensional 
projection onto the composition space of the phase-forming components, as discussed in 
Section 3.4.1. The borders of the feasible region m·e set having lengths of a percentage of 
the length of the top-most and bottom-most tie lines (refer to Section 3.4.1, Equations (3.10) 
and (3.11)). \Ve reduced the size of the fe<1Sible region because the LLE calculations for 
mixtures with overall compositions nem- the binodal curve are usually unstable (Appendix 
A.3). Furthermore, these mixtures have grossly uneven plu1Se volumes with high settling 
time and may artificially skew the nu1SS partitioning in these systems. In Equation (4.4), 
mz is a vector of slopes and Cz is a vector of y-axis intercepts, for the bordering lines of 
the feasible two-ph<1Se regions. A is either + 1 or -1 depending on the location of the region 
with the border; A= 1 if the region is below the border, and A= -1 if the region is above 
the border. 
Equation (4.5) represents the mass balances within each strearn. 
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The composition of each phase-forming component in stream j is bounded by an upper 
bound UP;,j and a lower bound lo;,j, as presented in Equation (4.6). The ftowrate of the 
feed stream, F1 , has an upper bound fup,l cmd a lower bound flo,l, as shown in Equation 
(4.7). The ftowrate for the second fresh feed, F5 , is also bounded accordingly, as shown in 
Equation (4.8). These bounds are necessary to ensure that the optimizer produces feasible 
points, avoiding the violation of mass balances and getting trapped in unconverged LLE 
calculations. The bounds were estimated using the known feasible region(s). 
In this work, we solved the NLP problem using three different algorithms: Sequential 
Quadratic Programming (SQP) [138, 139, 63], the modified Shor's R-algorithm for non-
smooth optimization [163] and a Genetic Algorithm [72]. These algorithms m·e implemented 
in the function fmincon in lVIatlab [80], as SolvOpt [108], and as Genetic Algorithrn Opti-
mization Toolbox, GAOT [73]. 
The three optimization codes behaved differently. 
\~1e discovered that we could not solve this minimization using the modified Shor's R-
algorithm. Throughout the calculations for all the ftowsheet alternatives, the optimization 
using this algorithm cycled. 
As with all genetic algorithrn implernentations, GAOT does not take in constraints di-
rectly, so we reformulated the objective function by using constraint violations as penalty 
terms. Even so, we observed that the constraints on the feasible regions were still vio-
lated. This occurred because the cost values overwhelmed the constraints values at rnost 
times, and vice-versa at other times. Due to this constraint violation, the solver generated 
infeasible feeds, trapping the optimization in unconverged LLE calculations. 
\Ve produced some results that were acceptable when using the SQP algorithrn. The solver 
simultaneously considers the constraints while evaluating the objective function values and 
generating possible solutions. The combination of algorithms z.e. the modified Shor's R-
algorithrn for the LLE calculations in the inner routine and the SQP algorithm for the 
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outer optimization routine, works accordingly. vVe present the results calculated using this 
approach below. Here, we used looser tolerances on the relative error for the objective 
function and design va.ri<•bles for the optimization routine, which both a.re 0.001, comp<ued 
to the tolerances we used in our simulation work in Section 3.3.1. 
4.4 Case Study 
\Ve used the same case study presented in Sections 3.3.1 and 3. 7.1 to demonstrate this work. 
For this case study, we sought the optimal fiowsheets for the extraction of phosphofruc-
tokinase in the water-PEG6000-DxT500 and water-PEG6000-Na.,1 P03 systems containing 
phosphofructokinase and ovalbumin. 
As phosphofructokinase p<utitions preferentially at a high extent to the bottom phase 
in the water-PEG6000-DxT500 system and at a low extent in the water-PEG6000-Na.,1 P03 
system, as discussed in Section 3.3.1, the flowsheets optimized m·e 
1. a two-successive-stage unit containing water-PEG6000-DxT500 systems with recovery 
in the bottom phase, with PEG recycle, type 8, 
2. a two-successive-stage unit containing water-PEG6000-DxT500 systems with recovery 
in the bottom phase, without PEG recycle, type 7, and 
:~. a one-stage unit containing water-PEG6000-DxT500 system, with recovery 111 the 
bottom phase, type 2. 
The flowsheets were selected based on which ATPES offers better pmtitioning performance 
for phosphofructokinase, as described in Section :3. 7. Considering these fiowsheets, the LLE 
calculation involved in the flowsheet optirniz;ttion was for the water-PEG6000-DxT500 sys-
tem. \Ve accounted for water, PEG6000, DxT500 and srnall a.rnounts of Na,1PO:.l, phospho-
fructokinase and ovalbumin in the LLE calculation for this system. 
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In this work, for a specified protein feed that contains water, phosphofructokimlSe and 
ovalbumin, we calculated the 
1. compositions of phase-forming components in the polymer feed w;, 1 , 
2. compositions of the phase-forming components in the second fresh feed for a two-stage 
operation Wi.5: 
3. total ma.<;s ftowrate of the polymer feed, F 1 , <Uld 
4. second fresh feed, Fs for the latter stage, 
that give the rnmmmm cost for the extraction process subject to the constraints on the 
settling rates of the ATPES and that the feed compositions lie in the ATPES feasible 
regions. 
In this work, we perforrnecl the optirniza.tion on the one-stage ftowsheet. However, clue 
to high computation time in converging to optimal solutions in the calculations for the 
two-stage ftowsheet, we performed the calculations using a different bclSis: we used tighter 
feasible regions and looser error tolerances. Hence the optimizer acted as a solver in these 
calculations. 
4.4.1 Optimization of One-Stage Extraction Unit 
Table 4.1 1 cornpares the HJa.<;S ftowrates of plu1Se-forming components and proteins used to 
initialize the one-stage ftowsheet optimization and the values obtained, with those used in 
the ftowsheet simulation. The percentages used for the feasible region were the sarne as the 
percentages used in the Howsheet simulation presented in Section 3.7.1: b; = [0.10, 0.10, 
0.10, 0.10] (Equations (3.10) and (3.11)). 
1 relative error tolerance on cost, minimization = 1.0 %: absolute error tolerance 011 Cihbs energy of 
mixing rninimizal.ion = J.() X JO-fi (.J) ror objective runcl.iOII, J.Q X JQ-S (voJjvoJ) ror variables. 
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As shown in Table 4.1, the flowsheet optimization that solves for the optimal feed compo-
sitions using a gradient-based search must be initialized at different initial points comp;u-ed 
to our flowsheet simulation that embeds a feed recalculation. This is because gradient-
based smuch must be initiated from a point where the gradient of the objective function 
and the constraints are evaluable and that can give a good search direction. For instance, 
we attempted to use the feasible feed compositions as the initial points and we found that 
the optimization time went beyond two days. 
In Table 4.1, for the simulation, there is no change in the amount of phase-forming com-
ponents in the feed stream because the feed compositions were already feasible. However, 
during the optimization, the amount of PEG was increased and the amount of Dx was 
reduced to rninimize the cost factor. 
Design Initial Feed (ib·hr- 1) Converged Feed (lb·hr- 1 ) 
water PEG Dx PFK ovA water PEG Dx PFK ovA 
optima.! 
Fa 99.9 - - 0.013 0.013 99.9 - - 0.01:3 0.01:3 
F1 52.2 18.0 29.8 - - 109.7 28.:3 6.6 - -
F6 - - - - - 42.8 1.6 6.6 0.011 0.011 
simulated 
Fa 99.9 - - 0.01:3 0.01:3 99.9 - - 0.01:3 0.013 
Fr 57.0 20.6 22.4 - - 57.0 20.6 22.4 - -
F6 - - - - - 79.8 2.1 22.4 0.009 0.007 
Table 4.1: The mass flowrates of phase-forming components and proteins calculated for 
phosphofructokinase one-stage extraction using water-PEG6000-DxT500 system containing 
negligible a.rnount of Na3P04 , phosphofructokina.<;e a.nd ovalbumin. 
Frorn Table 4.1, we observe that a large amount of the polymers IS needed to recover ;J 
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relatively small amount of phosphofructokinase: 7 to 28 lb·hr- 1 of polymers to extract at 
most O.Oll lb·hr- 1 of phosphofructokinase. This is largely the results of the very dilute 
protein feedstock we considered for this case study; surely the amount of protein recovered 
per unit mass of added phase-forming polymers would increase for a more concentrated 
protein feed. However, the phase-forming polymer costs comprise one of the major concerns 
in ATPES application to large-scale protein purification process [22, 35, 102, 104, 105, 76]. 
The results from the optimization work on the one-stage flowsheet for the case study are 
presented in Table 4.2 2 . 
Design Settling Rate Purity Yield Cost Solution 
(m·s- 1) (%) (%) (-) Time (s)* 
optimal 0.0171 .so.1 80.9 1.022 423:3.7 
simulated 4.4 x w-5 55.9 69.9 1.070 2.8 
Table 4.2: Compm·ison between cost minimization results and the feasible flowsheet simu-
lation results calculated for phosphofructokinase extraction using water-PEG6000-DxT500 
containing negligible amounts of Na3P04 , phosphofructokinase and ovalbumin. 
For the one-stage configuration, we are able to reduce the cost: 1.022 compared to that 
of the simulated feasible design, 1.070, as reported in Table 4.2. This reduction is clue to 
the increase in yield of phosphofructokinase in the optimal design, which is 80.9% from 
the 69.9% by the feasible design (Table 4.2), with the trade off in the purity; the purity of 
phosphofructokinase is decreased from 55.9% to 50.1% (Table 4.2). Here the purity decrease 
is more than offset by the yield increase. 
Table 4.:3 lists the breakdown of the cost factor by each performance criterion for the 
one-stage flowsheet. 
2 relative enor tolerance on cost minimization = 1.0 %: absolute error tolerance 011 Cibbs energy of 
mixing minimization= 1.0 x 10- 6 (.J) for objecl.ive fnncl.ion, 1.0 x 10-s (vol/vol) for variables. 
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Design Estimated Cost by Estimated Cost by 
Purity (%) Yield (%) 
optimal 37.8 62.2 
simulated 34.6 65.4 
Table 4.3: Comp<uison in breakdown of cost factors (Equation (3.17)) between simulated 
and optimized the one-stage flowsheet for phosphofructokinase extraction using water-
PEG6000-DxT500 system containing negligible amount of Na3P04 , phosphofructokinase 
and ovalbumin, presented in Table 4.2. 
Table 4.3 shows that the cost breakdowns between the performance criterion <Ue similar 
for both cases. These percentages ;ue also similar to the values of weights we used in the 
cost factor estimation using Equation (3.17), which were 40% and 60% for the purity and 
yield, respectively. These criterion weights influence the trade-offs between the yield and 
purity during the optimization; in this case purity will be sacrificed if necessm·y to obtain 
even modest increases in yield. 
Figures 4.2( a) plots the cost factor value for every iteration. The optimizer was initialized 
with a infeasible feed composition, with a high amount of Dx (Table 4.1). Even though this 
feed composition gave a low cost value, the feasible region constraint was violated. Thus 
the optimizer proceeded to search for the optimum by evaluating the cost for the total mass 
flow rate at the upper bounds, as shown in Figure 4.2(b) and the polymer concentrations at 
their lower bounds, as shown in Figures 4.:3(a) and 4.3(a). 
As shown by Figures 4.2(a)-4.3(b), the optimizer terminated when it reached solutions 
that could not be further improved. 
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(b) Total mass flow rate 
Figure 4.2: The values of the objective function and design variables calculated by the op-
timizer during the optimization of one-stage flowsheet containing water-PEG6000-DxT500 
system for the phosphofructokinase extraction. (a) Cost (b) Total mass flowrate of the 
polymer feed. 
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(b) DxT500 composition 
Figure 4.:3: The values of design variables calculated by the optimizer during the optimiza-
tion of one-stage flowsheet containing water-PEG6000-DxT500 system for the phosphofruc-
tokinase extraction. (a) PEG composition in the polymer feed (b) Dx composition in the 
polymer feed 
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\Ve presented a successful optirnization of a one-stage flowsheet containing the water-
PEG6000-DxT500 system for the phosphofructokinase extraction. As presented in Table 
4.2, the computation time for the optimization was long. This originates from the flowsheet 
simulations that embed a sequential Gibbs energy of mixing minimization for the LLE 
calculations. vVe showed that the results presented m·e comparable with our flowsheet 
simulation presented in Chapter 3. 
4.4.2 Optimization of Two-Stage Extraction Unit 
Initially, we performed the optirnization for the two-stage flowsheet with and without the 
PEG recycle alternative using the same feasible regions and constraints as in the simulation 
work presented in Section 3.7.1. However, this implementation did not converge even after 
two weeks of run time. Here, we initialized the optimization using the same initial points 
used in the simulation and using the converged feasible simulation results. 
Due to the high computation times needed for these optimization works, the two-stage 
flowsheet optimizations were performed in a different and tighter sem·ch space than that 
in the simulation work. The percentages used for the feasible region were: bi = [0.20, 
0.20, 0.25, 0.25) (Equations (:3.10) and (:3.11)). This means that we used a smaller feasible 
region for the search compared to that for the flowsheet simulation for the same case study 
presented in Section 3. 7.1. \Ve specified a conservative, smaller region because we want to 
eliminate all possibilities for the LLE calculation to break clown or to be prolonged, and 
to reduce the computation time. Thus the results of the simulation and the optimization 
were not directly compm·able since the available phase-forming component feeds were not 
the same. Here the optimizer acted as a solver in these calculations and the results for 
these calculations <He not presented as optirnization results. The same initialization issue 
as in the one-stage flowsheet optimization was encountered here; we needed to find feasible 
initial points. 
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Using the restricted feeds i.e. the feeds available in the smaller feasible region, we saw 
that the objective function value was improved and the search was successful. Figures 4.4( a) 
and 4.4(b) plot the feed compositions and the tie lines for these feeds in Stages l and 2, 
respectively, that give an improved cost in the restricted regions for the two-stage flowsheet 
without PEG recycle. The colored lines are the borders of the restricted feasible regions 
used in the optimization. 
We also plot the feed compositions and the tie lines for these feeds in Stages l and 2, that 
give an improved cost in the restricted regions for the two-stage flowsheet with PEG recycle 
in Figures 4.5(a) and 4.5(b), respectively. The feasible regions used in the optimization are 
bordered by the colored lines. 
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Figure 4.4: The optimal feed composition and the LLE compositions in the stages of two-
stage flowsheet without PEG recycle containing water-PEG6000-DxT500 system, and the 
feasible regions. (a) Stage l (b) Stage 2. 
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Figure 4 .. 5: The optimal feed composition and the LLE compositions for this feed in the 
stages of two-stage fiowsheet with PEG recycle containing water-PEG6000-DxT.SOO system, 
and the feasible regions. (a) Stage 1 (b) Stage 2. 
Table 4.43 lists the mass fiowrates of phase-forming components and proteins used to 
initialize the fiowsheet optimization and the values obtained. 
Table 4 . .54 presents the results from the calculation performed for the two-stage fiowsheet 
with and without PEG recycle. 
For the type 8 fiowsheet, as the recycle estimate was far off the converged value, as 
reported in Table 4.4, we see that the computation time is high, as presented in Table 4 . .5. 
The amount of the polymers were not changed much however, as the initial amount was 
near to the converged amount, as shown in Table 4.4. 
For type 7 fiowsheet, there was no recycle considered and the initial amount used was 
near to the converged amount, as shown in Table 4.4. Consequently, the computation time, 
3 relative error tolerance on cost minimization = 1.0 %, relative error tolerance on recycle convergence 
= 0.001, absolute error tolerance on Gibbs energy of mixing minimization = 1.0 x w-• (.J) for objective 
function, 1.0 X 10-4 (voljvol) for variables. 
4 tvlachine: P4 Xeon@ 2.4 GHz with 2GB RA1v1: relative error tolerance on cost minimization= LO %: 
relative error tolerance on recycle convergence = 0.001: absolute error tolerance on Gibbs energy of mixing 
minimization = 1.0 X 10-4 (.J) for objective function, 1.0 X 10- 4 (voljvol) for variables. 
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as listed in Table 4.5, is considerably lower comp;ued to tha.t for the flowsheet calculation 
with the recycle. 
Design Initial Feed (lb·hr- 1 ) Converged Feed (lb·hr- 1 ) 
water PEG Dx PFK ovA water PEG Dx PFK ovA 
type 8 
Fo 99.9 - - 0.013 0.013 99.9 - - 0.013 O.OJ:l 
Fl 57.7 18.2 2<1.1 - - 57.5 17.6 24.0 - -
F2 99.0 1.0 0.0 0.0 0.0 70.9 ):3.6 0.0000<1 0.0095 0.0086 
F[.. 90.0 10.0 - - - 86.2 I4A 0.0 - -
F6 - - - - - II I .4 3.6 2<1.1 0.0035 0.00<14 
type 7 
Fo 99.9 - - 0.013 o.oJ:l 99.9 - - 0.013 O.OJ:J 
Fl 5:3.:3 22.6 24.1 - - 68.2 15.2 26.1 - -
Fs 90.0 10.0 - - 99.9 15.3 - -
FG - - - - - 1:32.6 tl.5 26.1 0.005 0.006 
Table 4.4: The mass flowrates of plwse-forming components and proteins calculated for 
phosphofructokinase two-stage extraction using water-PEG6000-DxT500 systems contain-
ing negligible amount of Na3P04, phosphofructokinase and ovalbumin. 
Design Settling Rate Purity Yield Cost Solution 
(m·s- 1) (%) (%) (-) Time (s)* 
type 8 3.2 X 10-5 44.4 27.4 1.70 90398 
2.1 X 10-5 
type 7 2.7 X 10-S 47.4 39.2 1.42 1667 
1.6 X 10-5 
Table 4.5: Results calculated for phosphofructokinase extraction using water-PEG6000-
DxT500 containing negligible amounts of Na3P04, phosphofructokinase and ovalburnin. 
\Ve clernonstrated a possible application of our optil!liza.tion study to design different 
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flowsheets. As we mentioned earlier, there were some issues that we faced involving the 
unconverged optimizations even after two weeks of computation when semThing within a 
hu·ger feasible region and long computation times when sem·ching within a smaller region. 
The factors that cause these issues are: 
1. the cost minimization performs iterations of flowsheet simulation that each requires 
long solution time, 
2. the LLE calculation in the simulation is based on another optimization procedure, a 
sequential minimization of Gibbs energy of mixing. The minimization is performed 
twice per feed composition, once when considering the phase-forming components and 
once for the whole system, 
3. the flowsheet simulation is performed two times per iteration, once in the objective 
function evaluation step and once in the constraint evaluation step. This is clue to the 
solver used, 
4. the convergence of the recycle calculation also takes many iterations and long com-
putation time, 
5. the convergence of the cost optimization is dependent of the initial point used. The 
initial points and the implemented constraints and procedure are meant to give better 
convergence properties to the Gibbs energy minimization, however they caused long 
computation time for the LLE calculation. This is discussed in further detail in 
Appendix A.l. 
These factors a.re clue to the language inefficiency of MATLAB [80], which is an interpreted 
language, in which we have irnplernentecl our calculations. This problem can be reduced by 
using a. compiled language instead such as C [98) or Fortran [1). One way of performing 
this is to use MEX-files, which are dynamically linked subroutines produced from compiled 
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C [98) or Fortran [1) source codes that can be run from within MATLAB in the same way 
as .MATLAB lVI-files or built-in functions [80). 
4.5 Conclusion 
\Ve have presented a ftowsheet optimization work that is based on the ftowsheet simulation 
presented in Chapter 3. This work consists of placing a cost minimization t<1sk over the 
ftowsheet simulation, with constraints on the feeds and the settling rates in the ATPES. 
\Ve have developed an NLP formulation for this purpose. \Ve have demonstrated the initial 
feasibility of the approach using a case study on the extraction of phosphofructokinase from 
a mixture of phosphofructokinase and ovalbumin using water-PEG6000-DxT500 systems 
in a one-stage extraction unit. \Ve reported a successful optimization of and the optimal 
results for a one-stage ftowsheet that were based on our flowsheet simulation tluct integrated 
an LLE thermodynamic calculation. Table 4.2 shows that the optimization improved the 
cost of the one-stage feasible flowsheet calculated in Section 3.7.1. From our calculations, we 
saw that a l<uge amount of the polymers was required to recover a relatively small amount 
of phosphofructokinase. \Ve observed that in this ca.<;e purity will be sacrificed if necessary 
to obtain even rnodest increases in yield. As presented in Table 4.2, the computation time 
for the optimization was long. This originates from the ftowsheet simulations that embed a 
sequential Gibbs energy of rnixing minimization for the LLE calculations. \Ve showed that 
the results presented m·e comparable with our ftowsheet simulation presented in Section 
:3. 7.1. 
For the two-stage units, we need to improve the computational efficiency of the imple-
mentation before we expect to get the results within reasonable cornputation times. For 
now, in the two-stage ftowsheet optimization, we constrained our search in a small region 
to reduce the computation time and to avoid the solver being trapped in unconverged iter-
ations for LLE calculation. However, the solution ti111e is still long even when using a loose 
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error tolerance and a small feasible region, as shown in Tables 4.2 and 4.5. Otherwise, we 
were able to predict the amount of polymers needed to extract phosphofructokinase at the 
most improved cost within the restricted feasible regions. 
As a future direction, this optimization should be extended to solve in shorter time and 
to be stable within a wider range of properties and compositions. One suggestion is to 
create a more efficient irnplementation of the flowsheet simulation by eliminating the issues 
presented above. 




This chapter focuses on validating the qualitative accuracy and hence the applicability 
of the simulation and optimization work presented in Chapters 3 and 4 respectively. \Ve 
demonstrate the application of our model by using an empirical model system. 
ATPESs comprise a protein separation technique that can handle crude ferment;ttion 
broth or minimally clarified lysate [ll6, ll3, 96, ~:19, 153, 151, 83, 114]. This robust tech-
nique allows flexibility in the selective partitioning of a desired protein by manipulating 
the conditions including the choice of phase-forrning components, their concentrations, pH, 
temperature or addition of modifying agents, and also offers a mild environment for the 
protein due to the high water content. Hence, ATPES can be developed as a selective 
primm·y recovery step. 
To illustrate the applicability of our work to a real system, we chose to design an optimal 
flowsheet for the purification of recornbinant green fluorescent protein ( rGFPuv) frorn Es-
cheTichia col·i, or E. coli, lysate. The rGFPuv constitutes a convenient model system clue to 
its intense green fluorescence [30, 31, 37, 140]. There have been a number of studies on de-
veloping suitable bacterial expression systems for rGFPuv [43, 31, 81, 48, ~:17] and associated 
purification techniques [180, 129, 115, 114, 83, 82, 50]. lVIore importantly, there are several 
reports of rGFPuv partitioning behavior in ATPESs [8:3, 50, 114]. Another advantage is 
that rGFPuv is expressed two to three tirnes faster in E. coli than in other microbia.! hosts 
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[37, 140]. 
The validation effort has two components categorized as experimental and computational. 
The experimental work comprised: 
l. culturing of transformed E. coli J M 1 OJ to obtain cell homogenates containing rGFPuv, 
2. quantifying the rGFPuv produced by the cell culture, 
:3. creating aqueous polymer mixture and aqueous polymer-salt ATPESs, 
4. quantifying the amount of each of the phase-forming component in each phase of the 
ATPESs at equilibrium, 
5. extracting the rGFPuv from the cell hornogenates using the ATPES created, 
6. quantifying the arnount of rGFPuv that partitioned into each phase of each ATPES, 
and 
7. quantifying the contaminants as a lumped species using mass balances. 
These experimental data were used to calculate model p<u-ameters for flowsheet design. 
The computational tasks performed included: 
l. fitting the ATPESs tie lines to determine Flory-Huggins (FH) rnodel [52, 77] param-
eters, 
2. calculating the partition coefficient values for the rGFPuv, 
3. fitting the empirical data to obtain the unknown FH interaction pararneters between 
the components in the ATPES, 
4. simulating the thermodynamic behavior of the ATPES that contain rGFPuv using 
the caJculated FI-1 interaction parameters, and 
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5. designing the optimal flowsheet that for rGFPuv extraction from the cell hornogenates, 
considering both the specified tolerance on the flowsheet performance criteria and the 
ATPES settling time. 
5.2 Materials 
5.2.1 Cell Culturing 
E. coli .Jl'vilOl [81LpE thi C::.(lac-proAB)F'(tmD36pmABlacf1 ZC::.M15)] [122] with plasmid GF-
Puv that expresses a GFP cycle 3 F995/M15:3T /V163A was provided by Dr. l'vlichael 
Domach (Carnegie !viellon). The strain was transformed with plasmid pGFPuv (Clontech 
Laboratories, Inc., California, a subsidiary of Takara Bio, Inc., Catalog no. G079-l) that 
has the gfPuv gene (GFP3) on a pUC backbone [43, 44]. The plasmid includes a lac operon 
isopropylthiogalactoside (IPTG) hybrid promoter P spac that allows induction, and repressor 
that allows high expression of GFPuv using IPTG [1G7, 181]. The plasmid also includes 
the selection gene for ampicillin and kanamycin resistance. 
Pre-purified rGFPuv (J\1!10 = 27 kDa) was purcha.<;ed from Clontech Laboratories, Inc., 
California of Takara Bio, Inc. (Catalog no. 6323G9). a-D-glucose (ACS reagent) was 
purchased from Aldrich, vVisconsin (Catalog no. 25307-3, Lot no. 10124BU). Isopropy-
lthioga.lactoside (IPTG), ampicillin, glycerol from JVIP Biochemicals, Inc. (Lot: R21:350) 
and Luria Broth (LB) wa.<; purchased from Sigma Aldrich (Catalog no.:L:3522-250G, Batch 
no.: 104K0067); these materials were provided courtesy of Dr. Dornach. Thiamine-HCl 
was purcha.'3ed from .J.T. Baker Chemical Co., New .Jersey (Catalog no.: V744-5). The 
salts used to make salt solution and trace element solution [27] for E. col-i culture were from 
Fisher Scientific, New .Jersey, Sigma-Aldrich, Missouri, Aero Organics, New .Jersey and .J.T. 
Baker Chemical Co., New .Jersey. 
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5.2.2 Preparation of ATPESs 
Polyethylene glycol 6000 (JYiw = 5000- 7000, !Vfw(Mn = 1.307) wa.5 purchased from Fluka 
Chemie GmbH, Germany (Catalog no.: 81260, Lot no.: 1132318). Dextran 500 (111w = 
450000-550000) was purchased from Amersham Biosciences (Catalog no: 17-03210-01, Lot 
no.: 298001). Sodium phosphate monobasic anhydrous (enzyme grade, 99%), NaH2P04 , 
and sodium phosphate dibasic anhydrous (Certified ACS), Na2HP04 , were purchased from 
Fisher Scientific, New .Jersey (Catalog no.: BP329-500 and S374-5000, Lot no.: 028524 and 
026026 respectively). Sodium chloride (reagent ACS) 99+% (Catalog no.: 42429-5000, Lot 
no.: B0113819A) was purchased from Acros Organics, New .Jersey. 
5.2.3 Polyethylene Glycol Quantification 
Ferric chloride anhydrous, lab grade (Catalog no.: I89-500, Lot no.: 055673) a.nd chloroform 
HPLC grade 99.8% (Catalog no.: AC61003-0040, Lot no.: 80510998) were purchased frorn 
Fisher Scientific, New .Jersey. Ammonium thiocyanate 99.99% was purchased from Sigma-
Aldrich, Inc., J'dissouri (Catalog no.: 431354). 
5.2.4 Dextran Quantification 
Sulfuric acid certified ACS plus was purchased from Fisher Scientific, New .Jersey (Catalog 
no.: A300-212, Lot no.:060604). Phenol, loose crystals of biochemical grade 99+%, was pur-
chased from Acros Organics, New .Jersey (Catalog no.: AC180781000, Lot no.: A0220683). 
5.2.5 Phosphate Quantification 
The PhosFree phosphate assay biochem kit was purcha.<;ed from Cytoskeleton, Inc., Colorado 
(Cata.log no.: BK050). 
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5.3 Equipment 
A Shimadzu UV-1601PC UV-Vis spectrophotometer was used to measure the optical density 
(OD) of E.coli culture. A Spectra Ma.x 1vi2 UV-Vis spectrophotometer from Molecular 
Devices (California) was used for all other OD measurements and relative fluorescence 
index (RFI) measurements. A Branson Sonifier 250 sonicator was used to disrupt the 
E. coli. A UVP (iVIodel l'vl-20) UV transilluminator was used for fluorescence observance of 
samples containing rGFPuv. The E. coli cells were grown in a New Brunswick Scientific 
C25 Incubator Shaker. Glass micro-syringes were used to measure the volume of the phases 
of the ATPES. 
5.4 Method 
5.4.1 Cell Culture 
The transformed E. coli were grown overnight in LB medium supplemented with 100 l'g/rng 
ampicillin. A loop of transformed E. coli cells from a culture plate was used to inoculate 
a 250 mL culture flask containing 25 mL LB medium. The culture was then incubated at 
:37°C in a stirring flask at constant stirring of 250 rpm for 11 hours. The chosen i11terval 
lies within the exponential growth range and was safely away from the end of this growth 
phase. At the 11th hour, the culture was inoculated into a 300 ml glycerol rnedia in a 
1 L flask, as a prior study showed that the cells express more rGFPuv during growth on 
glycerol [43]. A 1 mlvi IPTG solution was added at the end of the lst hour to induce the 
expression of rGFPuv. OD and fluorescence emission intensities were measured at each 
hour using Shima.dzu SF-100 a.nd Spectra lvla;x M2 spectrophotorneters, respectively. In 
both analyses, sarnples were diluted into the linear response range and were rneasured in 
1 em path length plastic cuvettes. Optical density w<~'3 measured at wavelength GfiO nm. 
Fluorescence ernission was measured a.t 507 nu1 with excitation at :395 nu1. 
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Cells were harvested by centrifugation at the 7th hour at 3000xg for 15 minutes in 4 
aliquots (0.0461 g wet cells/ml). The selected hour was well within the range in which 
rG FPuv was exponentially produced by the transformed cells (by RFI readings recorded 
in previous studies by Dr. Nathan Domagalski and !vir. Drew Cunningham, former and 
current graduate students of Professor Domach, respectively). The cells were suspended in 
a 50 rnl 0.05 !VI phosphate/0.25 Ivl NaCI buffer at pH 7.5, and sonicated using the sonifier 
for 5 minutes at an output control setting of '4'. No further clarification step was performed 
on the lysate; the crude lysate was used in the ATPESs directly. 
5.4.2 Preparation of ATPESs 
ATPESs with total weights of 2.0 grn were prepared using stock solutions of 40% ( w /w) 
PEG6000, 20% (w/w) DxT500 and 20% (w/w) phosphate. Six PEG6000-DxT500 and 
PEG6000-NaH2P04-Na2HP0,1 systems at different compositions were made in graduated 
micro-centrifuge tubes at room temperature. The range of compositions chosen was based 
on literature data [114, 87, 7J and was intended to give a good composition range for our 
modeling purposes. The phases of the ATPES were suctioned out and transferred into 
another tube using a micro-syringe to measure their volumes. An assay for each phase-
forming component was performed on each plwse to deterrnine the composition. 
5.4.3 Polyethylene Glycol Assay 
To quantify the amount of PEG6000 in the ATPES phase samples, we used a colorimetric 
assay proposed by Nag et al. [128J. The protocol is b<L'>ed on the displacement by PEG 
of a chromophore present in an aqueous ammoniurn ferrothiocyanate pha'3e into a second 
chloroform phase. Spectrophotometric measurements were performed on the chloroform 
phase at 510 nm to observe an absorbance change. This protocol gives a linear response in 
a range of 5 to 100 Jl.g that is reproducible. !\'lore illlportantly, this <L'3say was shown to be 
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insensitive to the presence of proteins and cmbohyclrates, including Dx [128[. 
A standm-d curve that correlates the absorbance reading with known PEG6000 concen-
trations was set up. In this work, known masses of PEG6000 were dissolved in known 
volumes of deionized water and hence avoiding error from serial dilutions. Five J.l.L of the 
PEG standard samples were pipetted into a 0.5 mL ammonimn ferrothiocyanate and 0.5 
mL chloroform mixture. After vigorous mixing for 30 rninutes and centrifugation at 3000xg 
for 2 minutes, the mixture turned into a two-phase system with a brown colored top phase 
and a clear bottom phase with specks of chromophore in the bottorn phase. The bottom 
phase was then removed for an optical absorbance determination at 510 nm using a. 96-well 
quartz plate with the Spectra 1'.-hLx J\'12. Note that a quartz plate was used instead of a 
polystyrene plate because chloroform degrades polystyrene, and a plate was used instead 
of a cuvette because of the small sample volume. The assay for the standanl samples was 
performed in triplicate. 
Absorbance readings of the samples of top-phase of the ATPES were taken and recorded 
in the same way and the amount of PEG in the samples was calculated using the standard 
curve and the phase volumes. For top-phase samples, 20-fold dilution was performed on 
each sample and the experiments were performed in triplicates. For bottom-phase samples, 
10-fold dilution wns performed on each sample and the experiments were performed in 
duplicate. 
5.4.4 Dextran Assay 
Quantification of DxT500 in the samples was performed using another colorimetric rnethod 
for sugars proposed by Dubois et al. [46]. This method utilizes a color change when 
reacting simple sugars, oligosaccharides, polysaccharides and their derivatives with phenol 
and concentrated sulfuric acid. Different DxT.SOO concentrations will give different color 
intensities a.nd absorbance readings. 
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Absorbance readings for stanchu·d samples of Dx were used to set up a standm·d curve 
for Dx quantification. The standm-d samples were prepared by dissolving known weights of 
DxT500 in known volumes of deionized water instead of performing serial dilution. Two rnL 
of sample were rapidly added to 0.05 mL of 80% (w/w) phenol and 5 mL of concentrated 
sulfuric acid. After shaking well, the mixture was placed in a water bath at 25 to :30°C as 
the reaction was exothermic. Absorbance readings were then taken at 490 nm in a small-
volume quartz cuvette with a l em path length using the Spectra 1viax lVI2. The assay for 
the standard samples was performed in duplicate. 
The measured absorbance values for the phase samples were translated into the Dx con-
centration in the phases, and with the volume of the phases, the Dx amount was calculated. 
For top-phase samples, 200-fold dilution was performed at most times and the experiments 
were performed in duplicates. For bottom-phase samples, 10000-fold dilution w<~s perforrned 
on each sample and the experiments were performed in triplicates. 
5.4.5 Phosphate Assay 
A commercial kit purchased from Cytoskeleton, Inc. was used to quantify phosphate con-
centrations in the samples. The assay is based on the specific binding of rnalachite green 
complex to phosphate ions, causing an increase in absorbance at 650 nm. Using this assay, 
100 ttL of 0.6 !vi perchloric acid and l 00 p.L of a malachite green reagent were added to 20 
ttL of sarnple in a 96-well polystyrene plate. The absorbance spectra of the green cornplex 
decreases very rapidly approximately 12 minutes after the addition of the green reagent, so 
the absorbance spectra was measured at the lOth minute for each sample. Due to the short 
reading time, this assay was perfonned in triplicates on the standm·d samples. A standard 
curve between absorbance and moles of phosphate ions was set up using 1 mi'vi phosphate 
stanchud provided in the kit. 
Sirnilarly, the amount of phosphate ions in the phase samples were quantified using the 
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standm·d curve and the phase volumes. The assay was performed in duplicate on each phase 
sarnple. For top-phase samples, 100-fold dilution was performed on each sample, and for 
bottom-phase samples, 1000-fold dilution. 
5.4.6 Extraction using ATPESs 
After the hm·vest, the cells were suspended in a 50 ml 0.05 M phosphate/0.25 lVI NaCl buffer 
at pH 7.5. Approxirnately 0.16 to 0.2 grams of the resuspended rGFPuv were added into 
each ATPES. The systems were vortexed for 2 minutes each and centrifuged at 3000 rpm for 
10 minutes before being allowed to settle for 30 minutes in order to reach equilibrium. The 
ATPESs were observed in the UV illuminator to ensure that the rGFPuv was fully settled 
in one of the phases. The top phases of the ATPES were suctioned out and transferred into 
another tube using a micro-syringe in order to also measure their volumes. Fluorescence 
intensities were measured for each phase of each system. Photos of the ATPES containing 
GFPuv were taken using the illuminator and a digital camera. Samples of each phase for 
all the ATPESs were prepared at appropriate dilutions i.e 2-, 10-, 20-, 100-, 1000- and 
10000-fold for the assays. Each ATPES was rnade in quadruplicates, but only one system 
each was used for the rGFPuv extraction. 
5.4. 7 rGFPuv Fluorescence Assay 
To quantify the amount of rGFPuv in the phases, we prepared standard curves of fluo-
rescence intensity ernission versus known concentrations of pre-purified rGFPuv in various 
solutions. First, the standard curves for rGFPuv in the phosphate solution at the highest 
and the lowest concentrations in the ATPES were prepared using the Spectra lvia .. x lvi2 
spectrophotometer at the aforementioned filter wavelengths. The phosphate concentrations 
were calculated based on the amount of phosphate solution used to prep;ue the ATPES. The 
fluorescence intensities of known concentrations of rGFPuv suspended in the salt solutions 
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were measured and diluted down, repeatedly, to prepm·e the standard curves. Second, stan-
dm·d curves were also prepm·ed for rGFPuv in the sonication buffer (0.5 iVI phosphate/0.05 
M NaCl) at pH 7.5 to enable determination of the initial concentration and in 0.15 M 
phosphate buffer pH 7 for additional references. In these cases, as the amount of purified 
rGFPuv was limited, serial dilutions were performed. This method is prone to produce 
some error because inaccuracy in one dilution step is carried over to the remaining steps. 
After the standm·d curves were obtained, the fluorescence intensity within the (diluted) AT-
PES phase samples was measured using the spectrophotometer and was compm·ed to the 
standard curves in order to calculate the concentration and finally the amount of rGFPuv 
present. 
5.5 Results 
5.5.1 Cell Culture 
The transformed E. coli grew in accordance with previous observations on the cell growth 
by Dr. Domagalski andlVlr. Cunningham. Their prior experience with the medium, growth 
rate and rGFPuv expression curves proved very helpful in determining suitable conditions 
and cell harvest times; we were able to obtain a good amount of rGFPuv with which to work. 
The cell growth and rGFPuv production curves plotted in Figure 5.1 showed that the E. coli 
growth and rGFPuv expression were in accordance with previous data [43] and indicated 
that this step produced a suitable fermentation broth for subsequent investigations with 
ATPES. Here the y-a;xis is the fluorescence intensity of the sample measured at 507 nm 
with excitation at 395 mn, divided by the optical density of the sample a.t 660 nm. 
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Figure 5.1: Plots of E.coli growth in terms of optical density at 660 nm and rGFPuv 
production per unit mass dry cells from the fluorescence emission intensities at 507 nm 
with excitation at 395 nrn. 
5.5.2 Preparation of ATPESs 
The pictures in Figures 5.2 and 5.3 show the ATPES used, each of which contains different 
compositions of phase-forming components. The phase volumes of the ATPES differ with 
the a.rnount of pha.<;e-forrning components used. The range of compositions chosen wa.<; 
based on the literature data [114, 87, 7[ and was intended to give a good composition range 
for our modeling purposes. 
The masses and the overall compositions, in terms of mass fractions, of phase-forming 
components in the ATPES prepared m·e listed in Table 5.1. 
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(a) ATPESl-4 {b) ATPES5, 6 
Figure ,5.2: Pictures of the aqueous PEG6000-DxT500 systems with different compositions. 
(a) ATPESl, 2, 3 and 4 (b) ATPES5 and 6 (from left to right). 
(a) ATPES7-10 (b) ATPESll, 12 
Figure 5.3: Pictures of the aqueous PEG6000-phosphate systems with different composi-
tions. (a) ATPES7, , 9 and 10 (b) ATPES 11 and 12 (from left to right). 
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Type ATPES Mass (g) Mass fraction (g/g) 
Water PEG6000 DxT500 Water PEG6000 DxT500 
Polymer 1 1.5229 0.1279 0.1619 0.8401 0.0706 0.0893 
-mixture 2 1.3726 0.2452 0.1602 0.7720 0.1379 0.0901 
3 1.5173 0.1462 0.1396 0.8415 0.0811 0.0774 
4 1.4609 0.1628 0.2469 0.7810 0.0870 0.1320 
5 1.4559 0.1325 0.2443 0.7944 0.0723 0.1333 
6 1.4922 0.1212 0.2001 0.8229 0.0668 0.1103 
I Water PEG6000 Salt I Water PEG6000 Salt 
Polyrner 7 1.3943 0.2411 0.1613 0.7761 0.1342 0 0898 
-salt 8 1.3317 0.3006 0.16:32 0. 7417 0.1674 0.0909 
9 1.2863 0.3607 0.1670 0. 7091 0.1988 0.0921 
10 1.4023 0.1612 0.2418 0.7767 0.0893 O.U:39 
11 1.:3418 0.2014 0.2414 0.7519 0.1128 0.1:353 
12 1.4699 0.1242 0.2010 0.8189 0.0692 0.1120 
Table 5.1: The mass and overall compositions of phase-forming components in the ATPESs 
used for the rGFPuv extraction. 
5.5.3 Polyethylene glycol Assay 
The standanl curve between absorbance and PEG concentration resulting from the chro-
mophore displacement assay is shown in Figure 5.4. The background absorbance of water 
was subtracted to calculate the data points. The error bars that were based on the standard 
deviation of the experiment repetitions were relatively small compared to the readings. The 
range of the relative standm·d deviations for this experiment was 0.07%- 0.91 %. The assays 
for the PEG standard samples were performed in triplicate. 
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Figure 5.4: Standard curve for PEG6000 solution. Error bars represent ± one standard 
deviation of triplicate measurements; error bm·s <Ue smaller than the plotting symbols. 
Next, the amount of PEG in the phases were determined using the standard curve. \Ve 
used replicates of phase samples of different dilutions in order to estimate data scatter 
(Section 5.4.3). 
5.5.4 Dextran Assay 
Figure 5.5 shows the standard curve created for DxT500 using the Dubois assay [46]. We 
subtntcted the background absorbance of water to get the data points. The a.'3say for the 
standard samples was performed in duplicates. The errors b;u·s for the 0.000312 g·ml- 1 
Dx sample were lm·ge so this experiment were repeated two more times. Similar to PEG 
quantification, the amount of Dx in the phases was cleterrninecl using the curve and the 
phase volumes. 
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Figure .5.5: Standard curve for DxT500 solution. Error bars represent ± one standard devi-
ation of duplicate measurements. Sample 0.000312 g·ml- 1 was performed in quadruplicates. 
5.5.5 Phosphate Assay 
The standard curve for phosphate ion concentration is presented in Figure 5.6. \Ve sub-
tracted the background absorbance of water to calculate the data points. Next, the amounts 
of the ions in terms of moles were determined using the curve and the phnse volumes. 
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Figure 5.6: Standard curve for phosphate solution. Error bars represent ± one standard 
deviation of triplicate measurements. 
5.5.6 Extraction using ATPESs 
The pictures of one the ATPESs of each type containing rGFPuv and cell lysate are dis-
played in Figures 5. 7 and 5.8. The first set of pictures (Figure 5. 7) are of aqueous PEG6000-
DxT500 system 110.1; the first picture is of the system under normal light (Figure 5.7(a)), 
the second one is of the system with the presence of rGFPuv (Figure 5.7(b)) and the third 
is of the sep;uated phases, both viewed in the illuminator (Figure 5.7(c)). The third picture 
shows the phases in the order of water (for comparison), Dx-rich bottom phase and PEG-
rich top phase. The rGFPuv intensity of the bottom phase can be seen here to be similar 
to tlw,t of the top phase. Similar observations were made for all the PEG-Dx systems, 
ATPESl to 7; the partitioning of rGFPuv between top pha.'3e and bottom phase was not 
very selective. 
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(a) Under normal (b) Under UV illumi- (c) Under white light 
light nation 
Figure 5.7: Pictures of ATPESl that contains rGFPuv and E. coli lysate. (a) Under 
normal light (b) Under UV illumination (c) Under white light: water (for comparison). 
bottom phase and top phase (from left to right) 
(a) Under nor- (b) Under CV illumina- (c) Under white light 
mal light tion 
Figure 5.8: Pictures of ATPES7 that contains rGFPuv and E. coli lysate. (a) Under normal 
light (b) Under UV illumination (c) Under white light: water (for comparison), top phase 
and bottom phase (from left to right) 
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The selective partitioning of GFPuv in PEG6000-NaH2P04-Na2HP04 systems is more 
clem·ly seen in the second set of pictures Figure 5.8. In this case, the third picture shows 
neat water, the phosphate-rich bottom phase and PEG-rich top pha.'3e in that sequence. 
The intensity in the salt-rich bottom phase is significantly higher than that of the PEG-rich 
top phase. This partitioning behavior was seen for all the PEG-phosphate systems. 
5.5.7 rGFPuv Fluorescence Assay 
Figures 5.9, 5.10 and 5.11 are the stanchud curves produced for rGFPuv in the salt solution 
at highest and lowest concentrations that can be found in the salt-type ATPES; in 0.5 lVI 
phosphate/0.05 !VI NaC! and in 0.15 i'vl phosphate buffer, respectively. \Ve subtracted the 
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Figure 5.9: Stanchud curve for rGFPuv from Clontech Laboratories in phosphate buffer at 
13.6% (w jw) and 9% ( w /w) at pH 6.8. Error bars represent ± one standard deviation of 
duplicate measurements. 
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Figure 5.10: Stanchud curve for rGFPuv from Clontech Laboratories in 0.5 !VI phos-
phate/0.05 lVI NaCI buffer at pH 7.5. Error bars represent ± one stand<ud deviation of 
duplicate measurements. 
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Figure 5.11: Standard curve for rGFPuv from Clontech Laboratories in 0.15 !VI phosphate 
buffer at pH 6.8. Error bars represent ± one standard deviation of duplicate measurements. 
The error bars on the plots were calculatecl based on the standard deviations 111 the 
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ATPES Salt Concentration (% wjw) Slope of Standard Curve 
7 8.95 332.63 
8 9.09 330.89 
9 9.21 329.45 
10 13.59 274.68 
11 13.00 282.00 
12 11.41 301.87 
Table 5.2: Interpolated slopes for the standard curves for GFPuv in salt solutions with 
concentrations as in the ATPES. 
rneasurement for duplicate experiments. \Ve observed that the error bars were small for most 
of the experiments performed. However, a. large error bm· was observed for the experiment 
for the highest rGFPuv concentration performed in the least concentrated salt solution 
in Figure 5.9. This deviation might be related to the fact that this was the last set of 
experiments performed within a span of three clays and the rGFPuv may have started to 
denature. 
To calculate the amount of rGFPuv extracted from the E. coli homogenate in each salt 
system, the standard curves for rGFPuv at the highest and lowest salt concentrations were 
used in an interpolation scheme together with the sample salt concentration. The slopes 
for the interpolated curves are listed in Table 5.2. The background fluorescence for those 
calculations was assumed to be the same, as the measured variation was negligible. The 
fluorescence intensity of the initial sample of rGFPuv in the E. coli homogenate used was 
converted to the concentration and amount of rGFPuv using its standard curve in the 
sonication buffer. 
\Ve measured the fluorescence of each phase of the ATPES after the extraction of rGFPuv 
from the E. coli hornogenate. The fluorescence of each phwie was converted into a concen-
tration and amount of rGFPuv using the respective curves in Table 5.2. These amounts 
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Type ATPES rGFPuv (J.Lg) Total rGFPuv rGFPuv Deviation 
top bottom rGFPuv (J.Lg) Added (l~g) (%) 
Polymer 1 3.4 4.3 7.7 6.8 14 
-mixture 2 4.3 3.7 8.0 8.4 4 
3 4.9 36 8.5 8.0 5 
4 2.8 2.7 5.4 7.4 26 
5 2.7 3.2 5.9 8.2 27 
6 5.2 4.4 9.6 7.1 35 
Polymer 7 0.9 5.1 6.0 6.0 ~ 1 
-salt 8 0.7 3.4 4.1 7.7 46 
9 2.1 4.5 6.5 6.9 6 
10 1.7 7.9 9.6 7.9 21 
11 0.4 6.2 6.6 8.0 17 
12 0.9 10.0 10.9 8.2 32 
Table 5.3: The masses of rGFPuv measured in the phases, the total mass in these phases 
and the actual masses of rGFPuv added into the ATPES. These data. represent the mass 
of rGFPuv in the E. coli homogenate added into the ATPES. 
a.nd the deviations between the total measured amount in both phases with the actual 
amount added are recorded in Table 5.a. The deviation m<w come from errors in sam-
pie dilution or the assumptions made on the background fluorescence and the interpolated 
standard curves. Figure 5.12 displays the percentage and purification fold of GFPuv in the 
top and bottom phases for the water-PEG6000-DxT500 systems (Figure 5.12(a)) and for 
the water-PEG6000-Na.H2PO"-Na2HP04 systems (Figure 5.12(b)). From the figures, we 
see that rGFPuv pm·titioning is more selective in the water-PEG6000-NaH2 P0,1-Na2HP04 
systems than in the water-PEG6000-DxT500 systems. rGFPuv partitions into the bottom 
Dx-rich phase in the water-PEG6000-DxT500 systems and into the bottom phosphate-rich 
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phase in the water-PEG6000-Na.H2P0,1-Na2HP0,1 systems, but to a greater extent in the 
latter. The same observations were reported by Li and Bietle [114]. The purification factor 
is higher in the bottom phase of water-PEG6000-Na.lhP04-Na2HP0,1 systems compared to 
that in water-PEG6000-DxT500 systems. However the PEG concentration did not greatly 
impact the partitioning of rGFPuv. 
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Figure 5.12: Percentage and purification factor of rGFPuv from E. coli lysate in top and 
bottom phase. (a) in the water-PEG6000-DxT500 systems (b) in the water-PEG6000-
NalhP04-NazHP04 systems. 
In Figure 5.13, we see that the PEG6000 composition effects on the pcutitioning behavior 
of rGFPuv are somewhat scattered. \~1e generally observe an increase in the percentage of 
rGFPuv in the top phases as overall PEG concentration increases. The slope in the Figure 
5.13(a) is roughly 70 % recovery in top phase per overall mass fraction PEG, compared to 
that in Figure 5.13(b ), which is roughly 160. These rough, positive correlations indicate that 
as PEG6000 concentration increases, the tie line length would increase and the magnitude 
of the partition coefficient of rGFPuv would increase, as expected. This is due to the 
favorable hydrophobic interactions between rGFPuv and PEG [180], that increasing the 
PEG composition increases the percentage of rGFPuv partitioned into the top PEG-rich 
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phase. The change however is not line<u as the Dx composition also changes. The effect 
is higher in the polymer-salt system because the presence of salt enhances this interaction 
[114, 83]. 
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Figure 5.1:3: Percentage of rGFPuv from E. coli lysate in the top phase versus PEG compo-
sition in the system. (a) in the water-PEG6000-DxT500 systems (b) in the water-PEG6000-
NaH2P04-Na2HP04 systerns. 
5.6 Data Analysis 
5.6.1 Mass Balance 
\Ve calculated the amount of water in the ATPES from the balance between the total weight 
of the ATPES and the total weight of all other components quantified using the assays. 
To calculate the concentration of the wet cells in the homogenate, we centrifuged the cell 
debris clown of a known volume sample and drained the supernatant out. Vie measured the 
weight of the centrifuge pellets. The concentration of the wet cell was the rnass of the pellet 
divided by the volume of sample that we used. The amount of the wet cell debris in the 
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phases was calculated using the concentration and the volume of homogenate added to the 
ATPES. Here we assumed that the loss in the discarded supernatant was relatively small 
and was negligible. 
The amount of lumped contaminant in each pha.~e was calculated as the difference between 
the total amount of the wet cells and the amount of rGFPuv measured. 
The amount of water from the cell lysate in each ATPES was the difference between the 
total weight of ATPES containing cell lysate and the total weight of all other components. 
Table 5.4 presents the amount of components calculated after fitting the composition data 
using the weighted fit and performing the mass balances, for the water-PEG6000-DxT500 
systems, labeled ATPESl to ATPES6. These amounts are measured after the rGFPuv 
extraction from the E. coli homogenate. 
The amount of components calculated after the rGFPuv extraction from the E.coh ho-
mogenate, for the water-PEG6000-Na.l-12 P04-Na2 HP04 systems, labeled ATPES7 to AT-
PES12 after fitting the data analysis, is listed in Table 5 .. 5. 
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AT PES Phase Amounts (g) 
Water PEG Dx rGFPuv cont 
1 top 0.9400 0.1180 0.0169 3.40 X 10-6 0.0509 
1 bottom 0.6848 0.0034 0.1545 4.30 x10-6 0.0:380 
1 l111X 1.6278 0.1279 0.1619 7.70 x1o-6 0.0888 
2 top 1.1398 0.2416 0.0370 4.30 x w-6 0.0603 
2 bottom 0.3523 0.0015 0.1263 3.70 x1o-6 0.0199 
2 Ill IX 1.4931 0.2452 0.1602 8.00 xl0-6 0.0802 
3 top 1.2174 0.1592 0.0121 4.88 X 10-6 0.0616 
:l bottom 0.4194 o.oo:l4 0.0928 3.59 x w-6 0.0287 
:3 mix 1.6466 0.1462 0.1396 8.47 x1o- 6 0.0903 
4 top 0.8771 0.1441 0.0487 2.77 x1o-6 0.0491 
4 bottom 0.6465 0.0061 0.2188 2.71 x1o-6 0.0:307 
4 IlliX 1.5238 0.1628 0.2469 5.48 X 10-6 0.0797 
5 top 08808 0.1350 0.0075 2. 75 X 10-6 0.0394 
5 bottom 0.6924 0.0044 0.2253 3.20 x w-6 0.0378 
5 nux 1.5687 0.1325 0.2443 5.95 x w-6 0.0772 
6 top 0.9673 0 1256 0.0040 5.22 x w-6 0.0521 
6 bottom 0.6250 0.0023 0.1839 4.39 x w-6 0.0331 
6 ll11X 1.5869 0.1212 0.2001 9.61 x w-6 0.0852 
Table 5.4: The nw.ss of the components in the water-PEG6000-DxT500 systems, labeled 
ATPES1 to ATPES6, used for the rGFPuv extraction fron1 the E. coli hornogenate, after 
the weighted fitting. 
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ATPES Phase Amounts (g) 
Water PEG Dx rGFPuv cont 
7 top 0.5999 0.1887 0.0098 8.94 x1o-7 0.0377 
7 bottom 0.9093 0.0032 0.1794 5.07 x10-6 0.0443 
7 miX 1.4880 0.2411 0.1613 5.97 x10-6 0.0820 
8 top 0.7318 0.2916 0.0161 7.12 x1o- 7 0.04.59 
8 bottom 0.7592 0.0006 0.1524 3.39 X 10-6 0.0368 
8 mix 1.4879 0.3006 0.1632 4.10 X 10-6 0.0827 
9 top 0.7160 0.3739 0.0143 2.06 X 10-6 0.0488 
9 bottom 0.6400 0.0002 0.1452 4.46 X 10-6 0.0293 
9 nux 1.3619 0.3607 0.1670 6.53 x10-6 0.0781 
10 top 0.4025 0.1594 0.0095 1.65 x1o-6 0.02:39 
10 bottom 1.1501 0.0026 0.2319 7.90 X 10-6 0.0546 
10 1111X 1.5530 0.1612 0.2418 9.55 X 10-6 0.0785 
11 top 0.4468 0.1955 0.0080 4.39 x1o- 7 0.0277 
11 bottom 1.1167 0.0045 0.2342 6.21 X 10-6 0.05:36 
11 nux 1.5630 0.2014 0.2414 6.65 x10-6 0.0813 
12 top 0.3795 0.1028 0.0054 8.60 x1o-7 0.0195 
12 bottom 1.2478 0.0054 0.2043 1.00 x1o-5 0.0620 
12 mix 1.6201 0.1242 0.2010 1.09 x1o-s 0.0815 
Table 5.5: The mass of the components in the water-PEG6000-NaH2P04-Na2HP0,1 sys-
tems, labeled ATPES7 to ATPES12, used for the rGFPuv extraction from the E. coli ho-
mogenate, after the weighted fitting. 
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5.6.2 Tie Line Fitting 
vVe observed that there was scatter in the top and bottom phase composition measurements 
that creates many possible combinations for the tie lines (Figures 5.14 and 5.15). \Ve first 
attempted to take the average of the measured compositions for the top and bottom phases 
in order to produce the tie lines for all the ATPES. However, these tie lines crossed and 
had inconsistent slopes (Figures .5.16 and 5.17). More importantly, the mass balances did 
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Figure 5.14: The LLE data scatter and the tie line regressed using average least square fit 
and weighted least square fit for a sample of the data points corresponding to the water-
PEG6000-DxT500 system, ATPESl. 
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Figure 5.15: The LLE data scatter and the tie line regressed using average least square fit 
and weighted least square fit for a sample of the data points corresponding to the water-
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Figure 5.16: The tie lines for all the ATPES constructed using the average of the data for 
the water-PEG6000-DxT500 systems. 
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Figure .5.17: The tie lines for all the ATPES constructed using the average of the data for 
the water-PEG6000-NaH2P04-Na2HP04 systems. 
Crossing tie lines violate thermodynamic constraints, complicating the regression of the 
FH interaction parameters. 
However, the total amount of each component measured in the phases must be equal to 
the overall amount used to constitute the system. Hence data regression wa.<; performed 
on every set of data for each system using a weighted least squares fit to produce a tie 
line that intersects the known overall mixture composition. The tool used for this work 
was the Microsoft Excel regression function called TREND [132). This tool performs linear 
regression ba.'>ed on the least squares method. In this work, the coordinates of the mixture 
compositions and the phase compositions were first transformed so that the mixture com-
positions became the origin. Then the regression tool was used to produce the fitted tie 
line that goes through the origin, and the new compositions for the pha.<;es were calculated. 
Examples of results from this regression are shown for ATPES1 and ATPES7 in Figures 
5.14 and 5.15 respectively. 
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The tie lines regressed using the weighted least square fit for the aqueous polymer mixture 
systems and the aqueous polymer-salt systems are presented in Figures .5.18 and 5.19. 
vVe next calculated the new compositions of the phase-forming components in the system 
and in the phases by accounting for the amount of rGFPuv added into the system and the 
amounts of rGFPuv measured in the phases. The amounts of rGFPuv are given in Table 
5.3. The tie lines presented in Figure 5.20 are for the aqueous polymer mixture systems 
after the addition of rGFPuv. 
VIe performed similar calculations for the aqueous polymer-salt systems. Figure 5.21 
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Figure 5.18: The tie lines for the water-PEG6000-DxT500 systems (ATPES1-6) constructed 
using the weighted fit of the data for each system. 
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Figure 5.19: The tie lines for the water-PEG6000-NaH2P04-Na2HP0,1 systems (ATPES7-











0 5 10 15 
lh:T600% (w/w) 
-+-ATPESl 
20 25 30 
Figure 5.20: The tie lines for the water-PEG6000-DxT500 systems (ATPES1-6) containing 
cell lysate that were constructed using the weighted fit of the data for each system. 
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routine, there are large relative deviations between the empirical and the calculated LLE 
compositions, more than 1000% in some cases, and large absolute deviations in the parti-
tion coefficient values, more than 1000%. These extremely hu-ge errors correspond to phases 
that were extremely dilute i.e. in the PEG-Dx system, there was very little Dx in the top 
PEG-rich phase, so that gave large relative error in Dx compositions even though the fit 
matches the fact that the Dx concentration was very small. Further, the concentrations 
measured were already at the sensitivity limits of the standm·d curves i.e. for the concen-
trations below 0.000312 g·ml- 1 , the experimental assay would always give 0.000312 g·ml- 1 
as a result. There were readings for Dx in the top phase that were below this concentra-
tion. The sensitivity limit for PEG stanchu-d curve was 0.0018 g·ml- 1 and there were some 
measurements of PEG in the bottom phase that were below this limit. For the phosphate 
assay, the sensitivity limit was 200 rtNI and there were some measurements of phosphate in 
the top phase that were below this limit. 
The details on the fitting approaches m·e elaborated in Appendix D <Uld the values of the 
deviations are listed in Table D.5 with those fi·01n other approaches. The pm·ameters used 
for rGFPuv and the lumped contaminants in the LLE calculations are listed in Table B.6 
in Appendix B. 
The deviation in the experimental and fitted LLE compositions m·e believed to be caused 
by 
l. crossing empirical tie lines, as shown in Figures 5.20 and 5.21, or 
2. the expression fitted to obtain the interaction parameters, which was for In !{11 , was 
different from the expressions used to calculate the LLE compositions, which were for 
D.G and 6./-Li, or 
:l. the empirical data did not provide enough or accurate information clue to the cu-
mulative errors from the component concentration assays and the previous weighted-
average fitting of the tie lines, or 
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4. the vm·iable that we linem·-fitted, which was the partition coefficient of rGFPuv, that 
was different with V<uiables that we compm·ecl, which were the LLE compositions 
calculated using the Gibbs energy of mixing minimization. 
To eliminate the first issue, we redid the fitting by using selected data set, including only 
the tie lines that do not cross and that have consistent lengths. Using this approach, different 
values of parameters were obtained, however the Gibbs energy of mixing minimization 
approach still produces discrepancies between the computed and selected LLE compositions. 
Next, we used a complete expression for the logarithm of the pm·tition coefficient of 
rGFPuv instead of the simplified version in our first attempt, using both the complete data 
set and the selected data. Similarly, we saw large deviations in both LLE compositions and 
pm·tition coefficients of all components. 
The third approach chosen was to fit the LLE data to the expressions for the chemical 
potential differences for each component between the phases. \Ve hoped that using this 
approach would eliminate the second issue and the third issue as we consider all components 
and overcome the discrepancies encountered before. However, the deviations between the 
empirical ami the calculated LLE data and partition coefficients were similaL \~1e also 
encountered a scaling problem <~s we considered all components, especially for the aqueous 
polymer-salt systems. 
The fourth approach that we atternpted was to minimize the differences between the 
LLE compositions reported based on the experiments and those calculated using the Gibbs 
energy minimization procedure, with the interaction parameters as the variables. This 
rnethod eliminates the previously mentioned issues a.~ we integrated the actual method of 
calculating LLE cornpositions in fitting the parameters. In this work, we solved the prob-
lem using the same steps as the Gibbs energy of mixing rninimization, sequentially solving 
for the phase-forming components first, then solving for the additional components, using 
the simplex search rnethod. We minimized the difference in the LLE data for the ATPES 
CIIAPTEH. 5. l'v!ODEL VALIDATION 155 
5.7 FITTING FOR INTERACTION PARA1viETEI1.S 
and solved for the interaction p;u-a.meters between the phase-forming components. \Ve next 
minimized the difference in the LLE data for the whole system while considering rGFPuv 
and contaminants, and solved for the parameters between the phase-forming components 
and GFP and the contaminants. Due to the scaling problem, especially for the aqueous 
polymer-salt system, this method was able to calculate good interaction parameters only for 
the water-PEG6000-DxT500 system. The scaling problem was enhanced by the relatively 
large degree of polymerization of the contaminant (refer to Table B.6). The values obtained 
for the protein interactions in this system and all interactions in the polymer-salt system 
did not give LLE predictions that fit well with the ernpirical LLE data. Even when using 
another non-gradient search algorithm, the Genetic Algorithm with more than a week of 
computation time, the approach either failed to solve or to give good results. This is be-
cause the weighting factors for the LLE calculations differ with different ranges of rnixture 
compositions and interaction parameters and we can only calculate the weighting factors for 
each set of known values. Hence the search for the interaction parameters could not be per-
formed correctly as our weighting factors are static values that only gmu·antee convergence 
and consistency for a range of mixture cornpositions and intentction parameters. In short, 
we need to know the values of the interaction parameters to calculate the weighting factors, 
and vice versa. \Ve also used tht! interactiou parameter values reported by Johansson et al. 
[87) to fit our LLE compositions, however, they did not give a good fit. 
Consequently, we chose to fit the LLE data manually by enumerating the interaction 
parameters within a reasonable range and correcting the weighting factors for the objective 
function in the Gibbs energy minimization routine. \Ve already obtained the interaction 
parameter values between the phase-forming components in the water-PEG6000-DxT500 
system from the residual minimization approach described above and in Section D.l.4. 
'vVe next calculated the new LLE compositions for the systern in the presence of the rGF-
Puv and contaminants using the interaction parameter values obtained, and fit for the 
interaction pa.rarneters between the phase-for111ing cornponents and the rGFPuv and the 
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contaminants. In the LLE fitting calculations for the water-PEG6000-NaH2P04-Na2 HP04 
system, we fixed the interaction p;u-ameter value between water and PEG6000 as the value 
obtained from the fitting for the water-PEG6000-DxT500-DxT500 system, and fitted for 
the other interaction parameter values. Next, we fitted for the interaction parameter values 
between the phase-forming components and rGFPuv, and those with contamimU1t, for the 
water-PEG6000-NaH2P04-Na2HP04 system by using the values obtained for the intentc-
tion parameter between the phase-forming components and rGFPuv, and contaminants in 
the water-PEG6000-DxT500-DxT500 system. This is illustrated in a diagram in Figure 
5.22. Here the syrnbol Wi,j represents the interaction p;uarneter between component i and 
j, the subscript i indicates water, 2 for PEG6000, 3 for DxT500, 4 for Na+, 5 for ro:l-, 6 
for rGFPuv and 7 for contaminant. 
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Figure 5.22: The illustration of the sequential process of the fitting for the interaction 
parameters. 
As we did not have both DxT500 and salt together 111 a syste!ll, we assumed there was 
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no interaction between the two components . .Johansson et al. [87] used the sarne values in 
their calculations. 
Clearly, we have limited resources for searching for the whole space and most steps are 
mainly intuitive and exhaustive. However, we know sets of parameters, compositions and 
weighting factors that can give high stability and convergence success in the Gibbs energy 
of mixing minimization. \Ve selected those FH parameter values that gave the least relative 
deviation in the LLE compositions frorn among those enumerated. 
The values of the interaction parameters we calculated for the components 111 water-
PEG6000-DxT500 system using the residual rninimization approach (Section D.l.4) and 
the partial enumeration approach are listed in Table 5.6. The interaction parameter values 
between the phase-fonning components were ca.lculated using the residual minimization 
approach. The interaction pm·ameter values between the phase-forming components and 
rGFPuv and contaminant were calculated using the partial enumeration approach. The 
ranges and grid size used in the enumeration approach <U"e listed in Table 5.6. The listed 
values gave the smallest relative deviation in the LLE compositions, among the values we 
attempted. 
In Table 5.6, we see that an attractive interaction parameter between water and PEG6000 
was fit instead of a repulsive one as suggested by Johansson et al. [87]. This represents a 
scenario where PEG6000 is hydrophilic and is soluble in water. However, PEG can be either 
hydrophilic or hydrophobic. vVe believe that the LLE compositions of the cornponents are 
extremely sensitive to the interaction panuneters between the components in the water-
PEG6000-DxT500 system, <1.'3 discussed in Section 2.2.2 and by Johansson et al. [87]. A 
srnall change in the interaction parameter values can cause a large deviation in the LLE 
compositions. Our fitting method which was the residual minimization had difficulties in 
searching for the exact values and solved for the values that fulfilled the absolute error 
tolerances. This method is discussed in detail in Section D.l.4. 
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Interaction Johansson et al. Fitted Range 2 Grid 2 
Parameters (87] Using 1 & 2 Used Used 
(J·mol- 1 ) for PFK for rGFPuv 
water-PEG6000 100 -349.1 I - -
water-DxT 500 0 ol - -
water-target protein 0 ol - -
water-contaminant - 0 I - -
PEG6000-DxT500 245 483.1 I - -
PEG6000-target protein 150 100 2 -500- 500 50 
PEG6000-contaminant - 90 2 -500-500 50,10 
DxT500-tm·get protein 0 0 2 - -
DxT500-contaminant - 0 2 - -
target protein-contaminant - 0 2 - -
Table 5.6: Comparison between the interaction parameters (.J ·mol-l) calculated for the 
components in water-PEG6000-DxT500 system using the 1 residual minimization approach 
(Section D.l.4) and the 2partial enumeration approach with those of Johansson et al. [87], 
and the range and grid size used in the partial enumeration approach. PFK = phospho-
fructokinase. 
The interaction energies predicted between PEG and Dx m·e repulsive, as expected. The 
calculated interaction parameters for the phase-forming components m·e same order of mag-
nitucle with those of Johansson et al. [87]. 
\Ve used the interaction parameters obtained for the phase-forming components in the 
water-PEG6000-DxT500 system to calculate the interaction parameters in water-PEG6000-
NaH2P04-Na2HP04 system using the p<trtial enumeration approach. The values and the 
ranges used <He listed in Table 5.7. 
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As suggested by the values in Table 5. 7, the interaction pm·ameters values calculated for 
the phase-forming components a.re of the same order of magnitude and nature, compm·ed 
to those of .Johansson et al. [87]. 
Interaction Johansson et al. Fitted Using Partial Enumeration 
Parameters [87] Value Range Grid 
(J·mol-I) for PFK for rGFPuv 
water-Na+ -10000 -16000 -20000- 0 2000 
3-water-P04 -30000 -16000 -40000- 0 10000 
water-target protein 0 0 0 -
water-contaminant - 0 0 -
PEG6000-Na+ -1000 -1000 -5000- 0 1000 
PEG6000-Po;:- -3000 -1000 -5000- 0 1000 
Na+-Po~- -50000 -80000 -100000- 0 10000 
Na+ -target protein -1000 16000 - 20000 - 20000 1000 
Na+ -contaminant - -6000 -10000 - 10000 
Po~- -tm·get protein -3000 16000 -30000- 30000 5000 
ro::- -contaminant - -6000 -20000 - 20000 5000 
Table 5. 7: Compm·ison between the interaction parameters (.J ·mol- I) calculated for the com-
ponents in water-PEG6000-DxT500 system the partial enumeration approach with those of 
.Johansson et al. [87], and the range and grid size used in the partial enumeration approach. 
PFK = phosphofructokinase. 
\Ve then used these values to calculate the LLE compositions for water-PEG6000-DxT500 
and water-PEG6000-NaH2 P04-Na2HP04 systems, both containing GFPuv and lumped 
contaminant. In the calculation for the water-PEG6000-DxT500 system, we accounted 
for water, PEGGOOO, DxT500, GFPuv, contaminant with negligible amounts of Na.H2P04-
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Na2 HP04 . In the calculation for water-PEG6000-NaH2P04-Na2HP04 system, we consid-
ered water, PEG6000, NaH2 P04-Na2HP04, GFPuv, contaminant and a negligible amount 
of DxT500. 
Table 5.8 presents the relative deviation in the LLE compositions between the calculated 
values and the empirical ones for water-PEG6000-DxT500 system. 
ATPES Phase Partial Enumeration Approach 
PEG(%) Dx (%) 
1 top 11.7 99.9 
1 bottom 0.4 2.3 
2 top 10.3 99.9 
2 bottom 61.7 1.9 
3 top 7.4 99.9 
3 bottom 38.9 1.2 
4 top 28.3 99.9 
4 bottom 77.1 1.9 
5 top 16.1 99.9 
5 bottom 52.2 8.8 
6 top 16.8 99.6 
6 bottom 16.1 14.2 
Table 5.8: The relative deviations in the phase compositions in percent between the LLE 
compositions calculated using the Gibbs energy minimization routine using the interaction 
parameters calculated and the empirical LLE compositions for water-PEG6000-DxT500 
systems. 
Table -5.9 presents the relative deviations ia the LLE compositions betweea the calculated 
values and the empirical ones for watcr-PEG6000-Na.H2P04-Na.2HP0,1 syste111. 
CIIAP'I'EH :~. MODEL VALIDXI'ION l61 
5.7 FiTTING FOil INTERACTION PARAMioTERS 
ATPES Phase Partial Enumeration Approach 
PEG(%) Phosphate (%) 
7 top 16.5 21.6 
7 bottom 99.9 11.1 
8 top 5.1 13.3 
8 bottom 100.0 4.0 
9 top 0.7 18.3 
9 bottom 100.0 3.0 
10 top 11.5 32.7 
10 bottom 100.0 2.0 
11 top 6.2 1:D 
11 botton• 100.0 1.2 
12 top 21.8 40.2 
12 bottom 99.9 5.5 
Table 5.9: The relative deviations in the phase compositions in percent between the LLE 
compositions calculated using the Gibbs energy minimization routine using the interaction 
parameters calculated and the ernpirical LLE compositions for wa.ter-PEG6000-NaH2P0,1-
Na2HP04 systems. 
These relative deviations are rnuch smaller comp;ued to those calculated using the pre-
vious approaches (Appendix D). The hu·ge deviation, 100%, in compositions of Dx or salt 
in the top phases and of PEG in the bottom phase <Ue clue to their small concentrations in 
the phases. \Ne see that the fitting for the water-PEG6000-DxT500 systern is better than 
the fitting for the water-PEG6000-NaJI2P04-Na.2HP0,1 system, as shown in Tables 5.8 and 
5.9 
Figure 5.2:3(a.) shows the comparison between the LLE cornpositions calculated using the 
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Gibbs energy of mixing minimization approach and the empirical LLE compositions for the 
water-PEG6000-DxT500 system. Figure 5.23(b) compares the partition coefficients for all 
components in the system with the empirical values. This figure shows that the deviations 
were significant for the partition coefficient of Dx, however, under the circumstances, these 
are smallest deviations that we could obtain using the partial enumeration approach. 
Omi.xture compositions 
+calculated LLE compositions 
x empirical LLE compositions 
0.3 0.4 


















(b) Partition coefficient 
Figure 5.23: Comparison between the empirical and calculated values for water-PEG6000-
DxT500 systems. (a) Phase Diagram (b) Partition coefficient. 
\Ve see large deviations in the LLE compositions and partition coefficients for water-
PEG6000-NaH2P0,1-Na2HP04 systems, presented in Figures 5.24(a) and 5.24(b). The 
deviations in partition coefficient were significant for all the values for PEG and one of 
the values for rGFPuv. However, this set of results had the smallest deviations among the 
calculations that we performed. 
CHAPTER 5. lVIOOEL VALIDATION 163 
.5.8 FLOIVSHEET DESIGN OF RC: FPuv EXTRACTION USING ATP ES 
Omistunt compoai"tiooa 
+calculated LLE com~itiona 












vv "V ~ 8 0.2 .. OrGFPuv 
" e Ocont ~ 0.15• 
:e ::.:- 0 
-= 0 0.1 
0.05 
-IO In R. calcufa~ 20 30 
' 
(a) Phase Diagram (b) Partition coefficient 
Figure 5.24: Comparison between the empirical and calculated values for water-PEG6000-
NaH2P04-Na2HP04 systems. (a) Phase Diagram (b) Partition coefficient. 
5.8 Flowsheet Design of rGFPuv Extraction Using ATPES 
\Ve next used the processed interaction parameters obtained from the previous steps in the 
flowsheet simulation. In this work, we 
1. calculated the weighting factors w; in Equation (2.12) for the LLE calculations based 
on the composition ranges chosen in the empirical work (Table 5.1). The weighting 
factors calculation was implemented simultaneously while performing the fitting as 
the LLE calculation was integrated in the fitting work described in Section 5.7, 
2. calculated the LLE compositions and the partition coefficients for all components a 
within a composition range (presented in Section 5. 7), 
3. created feasible regions for each type of ATPES for the extraction stages where the 
convergence success for the LLE calculation is high within a set of weighting factors, 
interaction parameters and initial guesses, 
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4. set up the database of the weighting factors, interaction pm·ameters, initial guess and 
feasible region, 
5. ran the flowsheet synthesis calculations, and 
6. ran the flowsheet optimization calculations. 
5.8.1 Scaling for LLE Calculation 
The weighting factors calculated for the LLE calculation using the Gibbs energ·y minimiza-
tion <U"e displayed in Table D.3 in Appendix D. The calculation for the weighting factors 
required many iterations, performed simultaneously with the LLE calculations, as the scal-
ing issue was significant in this problem. This is because of the degree of polymerization of 
the lumped contamimwt is significantly larger than that of GFPuv and other components 
in the ATPESs (refer to Table B.6 in Appendix B). 
5.8.2 Feasible Region Creation 
\Ve used the pre-calculated LLE compositions for the ATPES to calculate the two-dimensional 
convex hull for the feasible two-phase region, according to the method described in Section 
:3.4.1. The convex hull was used for the feed-feasibility check and feed recalculation in the 
flowsheet simulation, and as constraints in the flowsheet optimization. \Ve specified the 
reduction for the feasible region to be: bi = [0.20, 0.20, 0.25, 0.25] (for Equations (3.10) 
and (3.11)). These values were based on the range of compositions for which the calculated 
weighting factors are applicable for this case study (Table 5.1). 
5.8.3 Flowsheet Simulation and Evaluation 
\Ve simulated the flowsheets for the extraction of rGFPuv in water-PEG6000-DxT500 and 
wa.tcr-PEG6000-NaH2P0,1-Na2 HPO,, systen1s containing rGFPuv and a lurnped conta.rn-
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inant. For the LLE calculation for the water-PEG6000-DxT500 system, we assume the 
presence of water, PEG6000, DxT500 and small amounts of NalhP04, Na2HP04, rGFPuv 
and contaminant. For the LLE calculation for water-PEG6000-Na.H2P0,1-Na2HP04 sys-
tem, we assume the presence of water, PEG6000, Na.H2P04 , Na2HP04 and small amounts 
of DxT500, rGFPuv and contaminant. The parameters for the ATPESs, rGFPuv and 
contaminant are listed in Tables B.1, B.2 and Table B.6 in Appendix B. 
\Ve calculated the pm·tition coefficient of GFPuv in the aqueous polymer mixture sys-
tem and the aqueous polymer-salt system using the pre-calculated LLE compositions. \Ve 
next calculated the average logmithm of the partition coefficient of rGFPuv in the water-
PEG6000-DxTOO system as -0.7261 and in the water-PEG6000-NaH2P04-Na2HP04 sys-
tem as -1.7211. As indie<ctecl by these values, the partitioning of rGFPuv is more pro-
nounced in the bottom phase of the PEG-salt system. Vie therefore set up the flowsheets 
as listed in Figure 3.20 in Chapter 3: 
1. a two successive stages containing water-PEG6000-NaH2P0,1-Na2HP04 system tore-
cover GFPuv in the bottorn-phase while considering PEG recycle alternative, type 
12, 
2. a two succesive stages containing water-PEG6000-Na.H2 P0,1-Na2HP0,1 system tore-
cover GFPuv in the bottom-phase without PEG recycle alternative, type 11, 
;!. a one-stage containing water-PEG6000-Na.H2 P04-Na2 HP04 system to recover GFPuv 
in the bottom-phase, type 4. 
In this work, we specified the composition of rGFPuv and lumped contaminants to be 
the sarne as the empirical values, which were 2.0 x 10-6 vol/vol % and 0.031 voljvol %, 
respectively, and we calculated the 
1. com positions of phase-forming components in the polyrner-sal t feed w ;, 1 , 
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2. compositions of the phase-forming salt in the second fresh feed for a two-stage oper-
ation w;,5, 
3. total mass ftowrate of the polymer-salt feed, F 1 , and 
4. total mass ftowrate of the second fresh feed, F5 for a second stage, if needed, 
that gave converged recycle stre<uns and that the average overall feed compositions for lie 
in the feasible regions for the ATPES. 
Each fea.sible flowsheet calculated wa.s not unique or optimal; each protein feed could 
have multiple phase-forming component feeds that would lead to different feasible solutions 
for a given flowsheet. The convex hulls that we used in the simulations were described in 
Section 5.8.2. The mass rates of phase-fanning components and proteins used to initialize 
the flowsheet sirnula.tions and the values obtained from each simulation, are listed Table 
5.101 . The settling rates, purity and yield of rGFPuv and the cost factor were evaluated 
for the converged feasible fiowsheets. In all the simulations, we calculated the ftowsheets 
according to the steps described in Section 3.7. 
The results of the flowsheet alternatives for rGFPuv extraction from the E. coli lysate <U"e 
listed in Table 5.11 2 
\Ve were able to determine that a feasible design exists for the one-stage flowsheet by 
looking at the yield and purity of GFPuv obtained, presented in Table 5.11. Here we see 
that the random phase-forming component feed used in the ftowsheet calculation gives good 
yield for rGFPuv. This however is neither a unique nor an optirnal solution. The purity 
and yield of rGFPuv reported were obtained from the partitioning behavior of the protein 
m the ATPES. The yield, rounded off to one decimal place, is 100%. This is because the 
1 relative error tolerance on recycle convergence= 0.1 o/o: absolute error tolerance 011 Gibbs minimization 
1.0 x 10- 6 (.J) for objective function, 1.0 x J0- 8 (vol/vol) for variables. 
2 ivla.chine: P4 Xeon@ 2.4 C:Hz with 2GB B.Atvl: relative error tolerance on recycle convergence= 0.1 %: 
absolute error tolerance Oil Gibbs rninimization = 1.0 X w-c. (.J) for objective function, 1.0 X 10- 8 (volfvol) 
ror variables. 
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high self-energy in the top PEG-rich phase and the strong repulsion between PEG and 
NaH2P0,1-Na2HP04 (refer to Table 5.7) influence rGFPuv to p<u-tition at a high extent 
to the bottom phase of the ATPES, as shown by its partition coefficient values in Figure 
5.24(b). These factors were also discussed for protein partitioning behavior in the PEG-
phosphate system by .Johansson et al. [87] and in Section 2.3.2. However, the contaminant 
also p<u-titions to the bottom phase, even though at a lower extent, their fraction was high to 
begin with compared to that of rGFPuv, giving poor purity. The initial purity of rGFPuv 
we used in the calculation was the same as the empirical value, 0.006%. 
Design Initial Feed (lb·hr- 1 ) Converged Feed (lb·hr- 1 ) 
water PEG Salt GFP cont water PEG Salt GFP cont 
type 12 
Fo 91.9 - - 0.0005 8.1 91.9 - - 0.0005 8.1 
F, :36.8 29.8 33.4 - - 55.2 19.6 25.2 - -
1'2 99.0 1.0 0 - 56.7 9.7 0.0001 0.0005 8.1 
11, 90.0 10.0 0 - 90.0 10.0 0.0 - -
F6 - - - - 138.0 4.9 25.2 4 X 10-23 I X 10-" 
type 11 
Fo 91.9 - - 0.0005 8.1 91.9 - 0.0005 8.1 
F, 53.3 22.6 24.1 - 57.0 20.6 22.<1 -
-
/'f, 90.0 10.0 0.0 - 90.0 10.0 0.0 -
/'(; - - - - 124.4 <1.5 22.4 5x 10 -2o 2.5 X w-" 
type 4 
Fo 91.9 - - 0.0005 8.1 91.9 - - 0.0005 8.1 
F, 70.8 13.7 9.3 - 73.0 1:!.6 8.0 -
-
Fa - - - - 109.9 0.003 6.8 0.0005 '1.6 
Table 5.10: The mass flowrates of phase-forming components and proteins calculated for 
phosphofructokinase extraction using water-PEG6000-DxT500 system containing negligible 
a.mount of Na3P04 , phosphofructokinase and ovalbumin for the simulations presented in 
Table 3.5. GFP = green fluorescent protein. 
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Design Settling Purity Yield Cost Solution 
Rate (m·s- 1 ) (%) (%) (-) Time (s)* 
type 12 0.0085 4 X 10- 17 8x10-18 2 X 1012 11102 
5.0 X 10-4 
type 11 5.1 X 10-7 2x10- 14 1 X 10- 14 2 X 1010 14.4 
3.5 X 10-4 
type 4 6.0 X 10-7 0.01 100 10.04 80 
Table 5.11: Sample simulation results calculated for rGFPuv extraction using water-
PEG6000-NaH2P04-Na2HP04 system containing negligible amounts of DxT500, rGFPuv 
aJlcl contaminant. 
However, the calculations for the two-stage flowsheets are not considered accurate, as the 
yield and purity of GFPuv are extremely low. This is caused by the poor performance of 
the LLE calculation for the aqueous polymer-salt system clue to the scaling issue. Hence the 
flowsheet optimization was only performed for the one-stage flowsheet, to avoid the waste 
of time and effort in running exhaustive a.nd expensive searches of the optirnal flowsheet 
designs. 
Table 5.12 lists the breakdown of the overall cost, caJcula.ted using Equation (3.17) by 
each performance criterion for the one-stage flowsheet presented in Tables 5.11 and 5.10. 
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Design Estimated Cost by Estimated Cost by 
Purity (%) Yield (%) 
type 4 94.5 5.5 
Table 5.12: Breakdown of cost factors (Equation (3.17)) for the one-stage flowsheets, type 4, 
simulated for rGFPuv extraction water-PEG6000-NaH2P04 -Na2HP04 system containing 
negligible amounts of DxT500, rGFPuv and contaminant, presented in Table 3.5. 
Here we see that the cost breakdown between the performance criterion is significantly 
uneven and is dominated by purity. This is because the cost factor is more burdened by 
the purity than by the yield. 
5.8.4 Flowsheet Optimization 
\Ve calculated the optimal design for one-stage flowsheet alternative by minimizing the cost 
subject to constraints on the settling rates and the feasible two-plwse regions. \Ve calculated 
the amounts of PEG and NaH2P04-Na2HP0,1 required to extract 2.0 x 10-4 lb·lH-I of 
GFPuv from :3.1 lb·lu- 1 contaminant at minimum cost. The results <Ue displayed in Table 
5.1:3:J vVe used the same amounts reported in Table 5.10 to initialize the optimization. 
As shown by the values in Table 5.1:3, we obtained an optimal design that was similaJ· 
to the feasible flowsheet presented in Table 5.11. The cost factor is only slightly improved 
(to the fourth decimal point) compared to that of the feasible flowsheet (Table 5.11). This 
is because the maximum purity achievable is very low considering the high amount of 
contaminant in the protein feed as reported in Table 5.10. The initial purity of rGFPuv 
we used in the calculation was the same as the empirical value, 0.006%. The yield of 
:iiVIachine: P4 Xeon@ 2A C:Hz with 2 CB H.Aivl: relative error tolerance on recycle convergence= 0.1 %: 
absolute error tolerance Oil C:ibbs minimization = 1.0 X 10-G (.J) for objective function, l.O X I o-s (vol/vol) 
for vari<:1hles. 
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rGFPuv reported is 100% when rounded off to the first decimal place. This is clue to the 
extreme partitioning behavior of rGFPuv to the bottom phase in this ATPES (refer to 
Figure 5.24(b)) that is caused by the self-energy effect in the PEG-rich top phase and the 
strong repulsive interactions between PEG and Na.H2P0,1-Na2HP0,1 (refer to Table 5.7), as 
discussed by .Johansson et al. [87] and in Sections 2.3.2 and 5.8.:3. 
Design Rate Purity Yield Cost Computation 
(m·s-1) (%) (%) (-) Time (s) 
type 4 2.6 X 10-6 0.02 100 9.6 346240 
Table 5.1:3: Optimized flowsheets calculated for rGFPuv one-stage extraction using water-
PEG6000-NaH2PO"-Na2HP0,1 system containing negligible amounts of DxT500, rGFPuv 
and contaminant. 
The breakdown of the overall cost by each performance criterion for the one-stage flow-
sheet presented in Tables 5.la is presented in Table 5.14. 
Design Estimated Cost by Estimated Cost by 
Purity (%) Yield (%) 
type 4 94.2 5.7 
Table 5.14: Breakdown of cost factors (Equation (3.17)) for the one-stage flowsheets, type 4, 
optimized for rGFPuv extraction water-PEG6000-Na.H2P04-Na2HP0,1 system containing 
negligible amounts of DxT500, rGFPuv and contaminant, presented in Table :~.5. 
SimilaJ· as in the flowsheet simulation, the cost breakdown between the performance 
criterion is significantly uneven and is dominated by purity. This is because the cost factor 
is more burdened by the purity than by the yield. The purity is difficult to improve upon as 
there is a high amount of contaminant in the protein feed (refer to Table 5.10). Therefore, 
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the cost of the flowsheet is also difficult to improve upon. 
In this work, our concern is not the accuracy of the results as the FH interaction parame-
ters were not accurate to begin with. Our purpose is to mainly demonstrate the application 
of the flowsheet simulation and optimization fnunework to mimic the ATPES-bn.sed GFPuv 
extraction. The quantitative accuracy of this work to represent a real system can be im-
proved by solving the scaling problem and finding more precise FH interaction parameters. 
vVe showed that we were able to find an optimal design that was simihu· to the feasible 
design calculated in Section 5.8.:3. This work is a prelimimu-y step in applying the computa-
tional work presented in Chapters 2, :3 and 4 to modeling and designing a real system. vVe 
demonstrated the possibility of this work to be a design tool for studying ATPES application 
as a protein sep;u·ation process. 
5.9 Conclusion 
\Ve have presented experimental work that wns based on using ATPES for rGFPuv separa-
tion from E. coli lysate to validate the qualitative accuracy and hence the applicability of our 
simulation and optimization work. \Ve used an E. coli strain that wa.5 genetically engineered 
to express rGFPuv, that was kindly provided by Professor Domach and his research team. 
\Ve have performed GFPuv extraction using water-PEG6000-DxT500 and water-PEG6000-
NaH2P0,1-Na2 HP0,1 systems and obtained the LLE compositions and rGFPuv pm·tition 
coefficients. \Ve roughly estimated the FH interaction parameters by sequentially fitting 
the LLE compositions and the partition coefficients using a partial enumeration approach. 
The scaling problem in the LLE calculation creates difficulties in producing a more accurate 
fit and in calculating the accurate FH interaction pm·ameters. Because of this scaling issue, 
we had limited success in the sirnulatiou and optimization for all the flowsheets applicable to 
rGFPuv extraction frorn E. coli lysate. The LLE calculation in the ftowsheet simulations for 
two-stage ftowsheet produced inconsistent LLE cotnpositions aud partition coefficients. This 
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may originate from either inaccuracies in the fitted interaction parameters, or the scaling 
weights chosen did not work at all concentrations or both. However, we next demonstrated 
the possible application of our flowsheet simuhttion and optimization framework using the 
interaction parameters obtained to the GFPuv extraction using water-PEG6000-NaH2P04-
Na2HP04 system. Finally we presented the results from the flowsheet work performed for 
this case study. vVe showed that we would be able to simulate and optimize the flowsheets 
for an ATPES-based extraction process for a protein, given that we have access to the model 
parameters and would save tirne in experimental process development. 




As presented in this thesis, we modeled, simulated and e<uTied out initial optimization 
studies of flowsheets for protein extraction process using aqueous polymers and polymer-
salt ATPESs. Our work is a prelimimuy effort to build a coherent design framework and 
tool for ATPES as ''protein separation technique. The major accomplishrnents of this work 
are 
1. the implementation of an autonomous set of models for calculating the liquid-liquid 
equilibriurn (LLE) behavior in aqueous polymer mixture and polyrner-salt ATPESs, 
with proteins and contaminants, 
2. the integration of the thermodynamic approach into the evaluation of a target protein 
pm·titioning behavior in these systems, 
:3. the development of a flowsheet simulation and evaluation framework for an extraction 
unit that consists of one stage or two stages that contain ATPESs, 
4. the ability to evaluate the aggregated and anticipated cost of the flowsheet and to 
search for better solutions, 
5. the demonstration of the framework application using a rnodel systern comprising 
phosphofructokinase and ovalburnin, and 
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6. the demonstration of the framework application using an experimental model system 
that is based on recombinant green fluorescent protein (GFPuv) extraction using 
ATPES. 




Figure 6.1: A schematic representation of the overall approach. 
The thermodynamic approach that we created was based on the previOus calculation 
work reported by .Johansson et a.l. [87]. Their approach was implernented in a spreadsheet 
program that required manual inputs and thus rnaking it non-autonomous. In their work, 
the calculation was performed for the base ATPESs containing one t,u·get protein. vVe have 
extended our approach to calculate the LLE data for complex mixtures of the two types 
of ATPES containing two proteins and other phase-forming components. This calculation 
is robust and autonomous within a design range for a set of known and tested weighting 
factors, compositions and model pmameters. \Ve faced a scaling issue in the LLE calculation 
that hinders autornaticity but we overcome this issue by using the static weighting factors 
to reformttl<tte the objective function in our calculations. \Ve have been able to irnprove and 
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generalize the LLE calculation approach for the two types of ATPES, and for the ATPESs 
containing dilute concentrations of a tm·get protein, contaminant, polymer and salt. 
F\u·thermore, we integrated and extended our thermodynamic approach in flowsheet cal-
culation and simulation. Previous flowsheet work implemented empirical correlations for 
the LLE behavior representation, hence were specific to the ATPESs and the target protein 
[76, 125, 126, 13, 127, 164). vVe proposed a generalized approach that implements LLE, mass 
balances, feasible feed and recycle calculations to calculate flowsheets for protein separation 
using the two types of ATPES. Our approach therefore offers the needed automaticity while 
performing the flowsheet simulation and optimization. \Ve demonstrated that our thermo-
dynamic calculation is reliable, efficient and robust within a design range, using a model 
systern cornprising phosphofructokinase and ovalbumin. The usage of the static weighting 
factors for the LLE calculation is applicable because in the LLE calculation, only compo-
sitions of the feeds change, and other model pm·ameters m·e constant. \Ve used a heuristic 
feed reflection approach in the flowsheet simulation to overcome the feed feasibility issue 
and to ensure continuity in the simulation. 
vVe also integrated the flowsheet simulation and evaluation into flowsheet optimization. 
In their cost optimization work, Huenupi et al. [76, 75) used a semi-empirical correlations for 
the LLE and protein pm·titioning behavior in a two-stage PEG-phospha.te-b<•sed extraction 
unit. \·Ve performed investigations on a three configurations for the extraction for a target 
protein using ATPESs, which are a one-stage, two-stage without recycle and two-stage with 
recycle configurations. 
\Ve have demonstrated the application of our computational work in designing feasible 
and optimal flowsheets for phosphofructokinase in the presence of ovalbumin and rGFPuv 
in the E. coli cell lysate. 
In all, we believe that our effort that combines the appropriate heuristic and algorithrnic 
insights, as presented in Chapter 2, 3 and 4, and the physical insights, as presented in Chap-
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ter 5, is one step toward providing the industrial and academic researchers the beneficial 
tool and approach to judge the potentials of ATPES as an initial primm·y protein recovery 
process. 
6.2 Future Directions 
Our work is a preliminary design work for ATPES application <mel our effort mostly focused 
on modeling the thermodynamic behavior for these systems. vVe only address some of the 
many issues involved in the design work. There are many improvements that could be 
implemented to further develop the work. Here are some ideas and suggestion that would 
lead to a more efficient, generalized, robust and reliable flowsheet optimization framework. 
6.2.1 Thermodynamic Framework 
\Ve suggest that the thermodynamic calculation approach be applied to calculate LLE and 
p<u-titioning behavior in other ATPESs for other proteins to further test it and to get 
heuristic insights on generalizing the approach. There should be an effort to expand the 
database of parameters for possible phase-fonning components and proteins if the framework 
would be applied for other case studies. 
\Ve aclclressecl the scaling issue in the LLE calculation work by using static weighting 
factors to reformulate the objective function. Hence, for different case studies, more weights 
need to be calculated and aclclecl into the database. 
In our scaling work, we sirnultaneously calculated the LLE data and the weight factors for 
each case. This was clone in a ad-hoc approach where the judgment made and the insights 
feel were mostly intuitive and heuristic. \Ve suggest the scaling is formulated and solved (IS 
a parameter estimation problem that finds the optimal weighting factors. 
\Ve can also extend the framework by including options on using different thermodynamic 
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model to represent Gibbs energy. However, the work required to collect the model param-
eters must be reasonable and practical. A different experimental system may need to be 
constructed for that purpose. 
6.2.2 Flowsheet Simulation 
In this work, we used the feasible region to constntin the search especially for two-stage 
flowsheet. The original feasible region depends on the robustness of the LLE calculation 
and on the thermodynamic stability, however we only allowed the search to be performed 
in a percentage of that region based on our own judgment (Chapter 3). More investigations 
can be clone on finding the best si7-e for the region to avoid losing possible good solutions. 
\¥e can set up a experimental model system to collect parameters and coefficients needed 
for the settling rate calculation in different ATPESs as clone by Huenupi [75]. 
1VIost of the modeling work on the settling behavior in ATPESs are empirical [14, 75, 121, 
92, 93]. \·Ve can consider using a more generalized function to represent and capture the 
settling rate in the ATPESs. 
The flowsheet simulation work can be extended to be able to simulate all types of flow-
sheets, not just the suitable ones as performed in our work. 
6.2.3 Flowsheet Optimization 
The flowsheet optimization work can be extended to account for the partitioning perfor-
rnauce for two target proteins, as our routine is stable iu their presence. However, it can also 
be extended to account for that for more proteins, with the generalization, improvement 
aucl testing of the therrnoclynamic calculations. 
\Ve suggest some investigation to be performed 011 improving the solutiou time and making 
it be robust in wider size of the feasible region. Oue suggestiou is to create a more efficient 
CHAPTEfl 6. CONCLUSIONS 178 
6.2 FUTURE DmECTIONS 
implementation of the ftowsheet simulation. This would include any or more of: 
1. using a compiled language instead such as C [98) or Fortran [1), 
2. using a faster, non-stochastic solver, and 
3. implementing a faster and stable recycle convergence method, possibly with the use 
of an equation-based approach where the recycle is converged together with the unit 
model equations. 
vVe can also extend the fiowsheet optimi~ation work to calculate nil configmations of 
flowsheets ns proposed in Chapter 3, and in finite number of units, instead of just one. 
A extensive function for cost factor that includes material costs can be considered ns an 
extension to the work [21, 22). 
6.2.4 Experimental System 
\Ve suggest a. simpler experirnental system that is comparable with our computational work, 
to be used instead to obtain the model p;u·;uneters needed. Appendix D elaborates the 
problems we faced when fitting for the p;ua.rneters. The difficulties arise frorn the scaling 
issue in the LLE calculation. For the case of rGFPuv purification from the cell lysate, we 
;lssmne all other proteins and the cell debris ns a ltuge-sized lumped contaminant. This 
made the scaling for the LLE calculation for this cnse difficult as the contaminant's degree 
of polymerization is Jmge compared to other components. \Ve suggest using pre-purified 
t<uget protein or a mixture of two proteins, which is more comp;uable to our thermodynamic 
calculation and flowsheet design work. 
CHAPTER 6. CONCLUSIONS 179 
6.2 FUTURE DIH.ECTIONS 
6.2.5 Fitting for Model Parameters 
vVe suggest that a better approach to be used in fitting the empirical LLE data to obtain the 
model parameters. The residual minimization (refer to Section D.1.4) is a good approach as 
we showed its success in the calculation for the aqueous polymer mixture system. However, 
for the calculations for the aqueous polymer-salt system, the scaling issue must be resolved 
first. There are two scenaJ·ios that may be applicable: 
1. forrnulating and solving a well-scaled p;uameter-estimation problem to find the opti-
mum binary interaction parameters, or 
2. using a bi-level method to first determine good weighting factors for the scaling prob-
lem, and next to solve for the interaction parameters. 
Ideally, the fitted FI-I parameters would be used to predict the optimal flowsheet which, 
in turn, is then implemented experimentally to determine if the design tool is valid. Further 
validation of the model could be performed by studying vaJ·iations in the optimal flowsheet 
conditions and comparing model and experiment. 
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Minimization of Gibbs Energy of 
Mixing 
Here we provide the details of the work performed to improve the robustness of the LLE 
calculation tl1<tt was based on the Gibbs energy of mixing minimization approach. 
Initially, we solved the Gibbs energy minimization problem using three different algo-
rithms: the simplex search method [109), the Generalized Reduced Gradient (GRG) al-
gorithm [2] and the modified Shor's R-algorithm for non-smooth optimization [163, 108]. 
These methods were implemented in the function fminsearch of J'viATLAB [80), solvers 
CON OPT /GAl'viS [45, 36] and SolvOpt [108] which was coded in MATLAB, respectively. 
The first method, the simplex search, failed to reproduce the LLE compositions reported by 
.Johansson et oL [87] and solver convergence did not guarantee accuracy. \\1e succeeded in 
calculating consistent LLE compositions and protein partition coefficients using the other 
two methods. A comparison of the methods is given in Table A.l. 
The overall performance of the different solvers was judged by their robustness in solving 
the problern. \Ve monitored and improved the robustness of our approach based on three 
criteria: convergence, sensitivity and accuracy. 
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Solver fn1insearch CONOPT/GAMS SolvOpt 
Algorithm Simplex GRG Shor's R 
Reference ]109],]80] ]2],]45],]36] ]163j,JI08] 
Basis No gradient Gradient Gnl{lient 
evaluations evaluations evaluations 
Convergence Didn't converge converged to converged to 
to global min glob~tl min global min 
soln. changes with rCquires good good convergence with 
initial points initial points > 90% initial points 
Sensitivity doesn't depend depends on depends on 
on scaliug scaling scaling 
Accuracy not good good good 
Computation Tilne longest dependent dependent 
even with good of initial of initial 
initial points points points 
Robustness not robust somewhat robust sotnewhat robust. 
Flexibility tnaJlipulable, hard coded IJH)IlipuJetbJe, 
allows integration allows integrati011 
Table A.l: Comparison of solvers used to solve the Gibbs energy of mixing minimization 
NLP problem. 
A.l Convergence 
\Ve iuvestigated the convergence radius Mound a known solution for each of the solvers by 
solving the rninirnization problem repeatedly using initial points varied outward in a spiral 
contour moving away from a known solution. 
\Ve used a case study presented by .JolHmsson et al. [87] to demonstrate the study on 
improving our approach. vVe choose a model system of the water-PEG6000-DxT500 system 
with FH panuneters listed in Table B.l. In the calculation, we assumed that this system IS 
n three-cornponent system, containing wa.ter, PEGGOOO and DxT500. 
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vVe found that the solvers success did not depend consistently on how far the initial 
points were from the actual solution. The simplex search returned different local solutions 
when using different initial points and failed to come to a solution when using almost 
all initial points. SolvOpt and CON OPT /GAJ'dS on the other hand returned the known 
solution for approximately 60% of the initial points used. Using the same initial points, we 
calculated the tie lines for different overall mixtures in a confined space in the known two-
phase region. \Vithout refining the objective function weighting factors (Equation(2.12)) 
and without changing the initial points, SolvOpt produced good results for 17 out of the 
25 mixtures investigated and CON OPT /GAI\,IS succeeded in solving for 15 mixtures, as 
shown in Figure A.l. The converged points m·e indicated by blue squares for SolvOpt and 
green crosses for CON OPT /GAl\,IS, respectively. The absolute deviations for the converged 
LLE compositions are less than 10-6 voljvol. As the simplex method failed to produce any 
solutions, we compared the results of the other two methods with the results obtained using 
the approach implemented in Excel by .Johansson [85). Figure A.l displays this comparison. 
\Ve chose to implement SolvOpt as the solver in our approach because the implementation 
time was the shortest and the convergence behavior was the best among the three methods. 
Through different case studies, e.g. water-PEG6000-DxT500 system containing phospho-
fructokinase or ovalbumin a.nd water-PEG6000-NaaPO,I system, we observed that conver-
gence behavior is cornpromised if the difference in the degree of polymerization between 
any two components is more than two orders of magnitude and/or if there is a difference in 
the interaction parameters of an order of magnitude or sign. In rnost cases, the calculation 
for the aqueous polyrner-salt systern has lower convergence success compared to that for 
the aqueous polymer rnixture system. For instance, the degree of polyrnerization of phos-
phofructokinase, 4500, is three orders of magnitude larger than that of the phase-forming 
components in the ;1queous polymer-salt system, while that of ovalbumin, 100, is two orders 
of magnitude hu-ger. Convergence is harder to achieve in the calculations for the aqueous 
polymer-salt system containing phosphofructokinase coinpared to those for the system con-
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taining ovalbumin. Furthermore, the interaction energies <He huger in magnitude in the 
aqueous polymer-salt system than those in the polymer mixture system. Also, the energies 
between the phase-forming components in the aqueous polymer-salt system are negative 
or attractive in nature, but the energy between phosphofructokinase and PEG is positive 
which is repulsive in nature. All of these factors contribute the lower convergence likelihood 
in the calculations for the aqueous polymer-salt system. 
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Figure A.1: Comparison between the phase diagram calculated using the three different 
solvers and algorithms. 
\Ve found that the likelihood of convergence can be increased by using suitable weight-
ing factors for the penalty term in the objective function (Equation (2.12)) and by using 
good initial points in the Gibbs energy of mixing minimization approach. However, we 
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encountered an indirect trade-off between the convergence behavior of the calculations; the 
consistency of the solutions in terms of the LLE compositions and the partition coefficients, 
over a range of compositions, interaction pm·ameters and degrees of polymerization; and 
the computation time. This consists of scenarios where: certain initial guesses and weight-
ing factors offered a high likelihood of convergence but that the accuracy of the solutions 
was compromised with a longer time to converge, i.e. almost two rninutes per mixture 
composition; some initial guesses and weighting factors gave poor convergence rates, poor 
solution quality and high computation time; and other initial guesses and weighting factors 
produced good and consistent solutions and offers short computation time in most, but not 
all instances. 
A.2 Sensitivity 
\Ve first investigated the effects of perturbations in the state variables, the equilibrium 
compositions of the components in the top and bottom phases, on the Gibbs energy of 
mixing difference, 6.G, and the chernical potential difference, 6.1'~. \~1e used the water-
PEG6000-DxT500 model system that contains phosphofructokim1Se for this purpose. \Ve 
used a forward-finite differences <<pproach to evaluate the derivatives of 6.G and 6.1'·~ with 
respect to the compositions. \~'e found that 6.G and 6.1~~· are affected to widely varying 
degrees by each component in each phase depending on the degrees of polymerization of 
the components and their individual interaction energies with the target protein. 
The order of magnitude of the derivatives of 6.G and 6.Jt~' with respect to perturbations 
in the components compositions cue presented in Table A.2. 
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Component D0.D.G i)~b.J<7 ~ ¢, 
(.J-vol·vol- 1) (.J ·vol-voJ- 1-moJ-I) 
\Vater 3 105 - 106 
PEG 3 105 - 106 
Dx 1 106 - 107 
PFK :3 105 - 106 
Table A.2: The order of magnitude of the derivatives of b.G and b.p.~ with respect to 
perturbations in the composition of water, PEG, Dx and PFK in the LLE calculation for 
the wa.ter-PEG6000-DxT500 systems PFK = phosphofructokinase. 
\Ve next analyzed the effects of perturbations in the top and bottom phfLSe compositions 
on the performance of the ATPES. \Ve profiled the derivatives of the pm·tition coefficient of 
the target protein and its yield and purity with respect to the mi.:xture compositions using a 
fonwu-d-finite differences approach. Figure A.2 plots the derivatives with respect to pertur-
bations in the DxT500 compositions a.s represented by the tie line length. The perturbation 
in the overall Dx composition resulted in a two order of magnitude perturbation in the 
partition coefficient of the target protein,Kp, as indicated in Figure A.2(a), one in yield as 
shown in Figure A.2(b) and zero in purity, as plotted in Figure A.2(c), thus indicating Kp 
is the rnost affected and yield is rnore affected than purity. 
Perturbations in the overall PEG composition gives perturbations of order of rnagnitude 
one for KP, zero for yield and negative one for purity. The effect of perturbation on the 
variables is lower for ovalbumin as it is smaller. For compositions closer to the critical point, 
we found that the computation gives inconsistent results, which resulted from limitations 
in the FH model nea1· the critical point. \Ve also varied both the Dx and PEC: corn positions 
when partitioning ovalbumin. \\ie observe the same trends as observed when partitioning 
phosphofructokinase using different Ox aiiCl PEG cornpositions. 
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Figure A.2: Derivatives of partition coefficient, yield and purity of phosphofructokinase 
with respect to perturbations in overall DxT500 concentrations, here represented by tie 
line length for a small system composition of 5.0 vol/vol % PEGGOOO, 5.0 - 18.0 vol/vol 
% DxT500 and 0.01 vol/vol % phosphofructokinase, in the LLE calculation for the water-
PEG6000-DxT500 system. (a) Partition coefficient of phosphofructokinase (b) Yield of 
phosphofructokinase (c) Purity of phosphofructokinase 
The effects of perturbations in the target protein compositions were also studied. The 
order of magnitude of the perturbations in 1(1, yield and purity with respect to the protein 
compositions are three, four and negative four, as shown in Figures A.:3(a), A.3(b) and 
A.3(c). 
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Figure A.3: Derivatives of partition coefficient, yield and purity of phosphofructokinase with 
respect to perturbations in overall phosphofructokinase concentrations using 5.0 voljvol % 
PEG6000, 8.0 vol/vol % DxT500 and l X w-6 - 5 X w-'1 vol/vol % phosphofructokinase, 
in the LLE calculation for the wa.ter-PEG6000-DxT500 system. (a) Pm·tition coefficient of 
phosphofructokinase (b) Yield of phosphofructokinase (c) Purity of phosphofructokinase 
A.3 Scaling Issues 
The non-uniform sensitivity of the difference in overall Gibbs energy of mixing to each com-
ponent leads to a scaling problem in the problem formulation. The scaling issue is further 
exacerbated by the penalty terrn used for differences in chemical potentials in Equation 
(2.12). The sirnplest way of denJing with this scaling problem was to select weighting fac-
tors that reduce or increase the order of magnitude of each terrn so that they have sirnilar 
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orders of magnitude. However, this approach didn't increase the likelihood of convergence 
success or reduce the computation time. 
\Ve attempted to use a v;uiety of generalized expressions to represent the weighting fac-
tors, i.e. in terms of the derivative of the Gibbs energy of mixing difference or the derivatives 
of the chemical potential differences, the degree of polymerization of each component and 
any cornbinations of these factors, but we did not find generalized form that would enhance 
the extremum of the objective function surface while rnaintaining its srnoothness. 
As a solution, we indirectly used the order of magnitude of the derivatives ( ol~f,C:I) and 
( 8fi},'') to scale the objective function, i.e. adjust the weighting factors, 'Wi in order to 
improve the convergence. The weighting factors used for all the components in Equation 
(2.12) for the ca.<;e studies that we investigated are listed in Tables A.:3 and A.4. 
As shown in Table A.3, the weighting factors for the LLE calculation for the water-
PEG6000-DxT500 system with parameters listed in Table B.1 in Appendix B are equal. 
This is because the net effect of the degree of polymerization of the components and the in-
teraction p;u·ameters, both in magnitude and nature, m·e similar. However, if one of the FH 
model pm·ameters is changed, use of the same weighting factors does not guarantee accuracy 
or convergence in the calculation. For instance, if the interaction pm·arneter between PEG 
and phosphofructokinase is changed from + 150 to -100 (i.e. from repulsive to attractive), 
as also attempted by .Johansson et al., the Gibbs energy of mixing difference values and the 
partition coefficient values obtained for different compositions were no longer smooth and 
consistent when using the same initial points. 
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Components ATPES ATPES+PFK ATPES+ovA ATPES+PFK+ovA 
\Vater w-3 w-3 w-3 w-3 
PEG6000 w-:J w-a w-3 w-3 
DxT500 w-3 w-3 w-3 w-3 
tm-get protein - w-a w-3 w-:l 
contaminant - - - w-3 
Table A.:3: The weighting factors of each component calculated for LLE calculations using 
the Gibbs energy of mixing minimization approach for the water-PEG6000-DxT500 system. 
PFK = phosphofructokinase, ovA = ovalbumin. 
Cmnponents ATPES ATPES+PFK ATPES+ovA ATPES+PFK+ovA 
\Vater Io-' w-' w-' w-' 
PEG6000 w-' w-' w-' w-' 
Na+ w-' w-' w-' w-' 
Po:l-,, w-' w-' w-' w-' 
target protein - w-3 w-a w-:J 
contaminant - - - w-' 
Table A.4: The weighting factors of each component calculated for LLE calculations using 
Gibbs energy of mixing minimization approach for the water-PEG6000-Na:3PO,, systern. 
PFK = phosphofructokinase, ovA = ovalbumin. 
For the water-PEG6000-Na;lP04 system, the weighting factors used in the LLE ca.lcula-
tions Me listed in Table A.4. These values differ in orders of magnitude as the interaction 
pararneters used to capture the interaction between the salt ions and other components, 
and between the ions themselves, n.re larger in magnitude and different frorn ead1 other 
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in nature. For instance, the interaction parameter between water and cation is -1000, 
comp;tred to that between the ions, -50000, which is much larger. At the same time, the 
interaction pm·ameter between water and PEG, 245, is repulsive in nature and much smaller 
in magnitude than the salt ion-water interactions. 
A.4 Accuracy 
Using the same model system, the water-PEG6000-DxT500 system, now containing a target 
protein phosphofructokinase, we showed that for different mixture compositions within a 
confined composition range, SolvOpt was able to solve the minimization successfully (Figure 
A.1). The parameters for this protein are giveu in Table B.3. \Ve also tested this approach 
by changing the properties of the components. SolvOpt returned good LLE compositions 
for the calculation for ovalbumin, which is a smaller protein. \Ve also varied the molecu-
hu· weight of the Dx used in the calculation for the aqueous polymer mixture system for 
the pm·titioning of phosphofructokinase (Figure A.4( a)) and ovalbumin (Figure A.4(b) ), 
specifically {24, 39, 117, 180, 280) x 103 to further test the approach robustness. The tie 
lines calculated ;u-e consistent, i.e. the tie lines became less steep with an incrernent in Dx 
rnolecular weight. Using Dx with higher rnolecular weight is shown to increase In J(P values, 
as ovalbumin partitioning to the opposite PEG-rich phase is enhanced. This is due to free 
volume effects, where protein partitioning into the polyrner phase with the smaller exclude 
volume is promoted. The change in lnKp is more noticeable when smaller molecuhu· weight 
Dx is used. This effect is also more substantial for the larger protein, phosphofructokinase, 
that has larger surface m·ea for interaction with the surrounding molecules. The plots in 
Figure A.4 capture these effects while comparing the J(P values calculated with those of 
Johansson et al. [87) and the empirical results by Albertsson [9). Our comparison indicates 
a small deviation from the numerical results of Johansson et a.l. [87] and some consistent 
deviation for ovalbumin. 
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Figure A.4: Partition coefficient values for phosphofructokinase and ovalbumin when ex-
tracted using different molecular masses of DxT500 in the LLE calculation for the water-
PEG6000-DxT500 system. Our results are compared to those of .Johansson et al. [87] and 
of Albertsson et al. [9]. (a) Phosphofructokinase partitioning (b) Ovalbumin partitioning 
Next we assumed that a target protein phosphofructokinase was present in the water-
PEG6000-DxT500 system and calculated the yield and purity of phosphofructokinase when 
varying the compositions of the four components in the ATPES. The parameters for the 
protein are listed in Table B.3. Here we assumed the presence of a contaminant that has a 
degree of polymerization of 100 and a constant partition coefficient of one. The calculated 
phase diagram is presented in Figure A.5(a). VIe represented the changes in overall Dx 
compositions by the tie line length. By using more Dx in the ATPES as indicated by the 
horizontal points, Kp values becomes larger in magnitude, indicating enhanced partitioning 
to the lower phase as tie line length increases, as shown in Figure A.5(b). This phenomenon 
has also been shown by Albertsson [7]. This in turn increases the yield of the target 
protein until it reaches a maximum value and remains constant as the protein composition 
in the ATPES is constant; this is shown in Figure A.6(a). Figure A.6(b) shows that purity 
increases as more protein is partitioned into the bottom-phase with increasing Dx content 
and then decreases due to increasing amounts of contaminants driven into the bottom-phase; 
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the volume of the bottom phase increases with increasing tie line length even though the 
p<u·tition coefficient remains constant. It also shows that there is a maximum yield that can 
be achieved in this system. vVe saw the same trends in Kp, purity and yield profiles when 
varying overall PEG concentration. 
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Figure A.5: Phase diagram and profiles of pm·tition coefficient for phosphofructokinase 
in ATPES containing overall compositions 5.0 vol/vol % PEG6000, 5.0 - 18.0 voljvol % 
DxT500 and 0.01 vol/vol % phosphofructokinase from the LLE calculation for the water-
PEG6000-DxT500 system. (a) Phase Diagram (b) Partition coefficient of phosphofructoki-
lli::t.Se 
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Figure A.6: Profiles of yield and purity for phosphofructokinase in ATPES containing overall 
compositions 5.0 vol/vol % PEG6000, 5.0 - 18.0 vol/vol % DxT500 and 0.01 voljvol % 
phosphofructokinase from the LLE calculation for the water-PEG6000-DxT500 system. (a) 
Yield of phosphofructokinase (b) Purity of phosphofructokinase 
Further, we superimposed the purity profiles for both proteins when using different overall 
Dx compositions in Figure A. 7. This figure shows that ovalbumin purity appeaJ·s to be more 
sensitive to tie line length over the two-phase region studied. 
~ ·r;~h~Phor~tc;ki~;sc) 







·61-- o.2 o:3--o:4- o.s o.s 
Tie Line Lcni!lh (voVvoD 
Figure A. 7: Comparison in purity between phosphofrutokinase and oval burn in from the 
LLE calculation for the wa.ter-PEG6000-DxT500 systern. 
\Vhcn we varied the overall protein composition in the range of 10-~- 10- 1 voljvol % 
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while keeping other compositions constant, J(P values ;ue nearly constant with more protein 
added into the system, hence yield and purity change very slightly. 
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Parameters for Case Studies 
Table B.l lists the properties and Flory-Huggins (FH) [52, 77] model pararneters used for 
the LLE calculations for the aqueous polymer mixture system containing water, PEG6000 
and DxT500. The compositions listed are for each component in the modeling studies 
performed in Chapter 2. 
System Water-PEG6000-DxT500 
Temperature 20°C 
Overall Composition 86 vol% water, 6 vol %PEG, 8 vol % Dx 
(volume fraction) 
Degree of polymerization 7"] = 1, 1·2 = 100, T3 = 10000 
Interaction pa.rarneters W12 = 100, W13 = 0, W23 = 245 
(.J /mole) 
Table B.l: FH para.rneters used for aqueous polymer mixture system [87]. Subscripts: 1 
water, 2 = PEG, 3 = Dx. 
Table B.2 presents the properties and FH parameters for the case study on the aqueous 
polymer-salt system containing water, PEG6000 and Na3P0,1. 
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System Water-PEG6000-Na3P04 
Temperature 20°C 
Overall Composition 10 vol % PEG, 3 vol % Na+, 1 vol% PO~-
(volume fraction) 
Degree of polymerization Tl = 1,1·2 = lOO,T3 = 1,T4 = 1 
Interaction parameters w1,2 = 100,wl,3 = -10000,wl,<l = -30000 
(.J /mole) w2,:J = -1000,wz,,, = -3000, W:J,4 = -50000 
Table B.2: FH parameters used for aqueous polymer-salt system [87]. Subscripts: 1 
water, 2 =PEG, 3 = Na+, 4 =PO~--
The properties and FH model pm·ameters of the proteins used Ill the case studies in 
Chapter 2, Sections 2.3, are listed in Table B.3. 
Properties Phosphofrutokinase Ovalbumin J 
Overall Composition 0.01 vol% 0.01 vol% 
(volume fraction) 
Degree of polymerization 4500 100 
Interaction parameters w1,p = O,w2,p = 150,w:l,p = 0 sarne 
(.J·mol- 1 ) w,l,p = -1000,w5,p = -3000 
Table B.3: FH pm-ameters used for the phosphofructokirwse and ovalbumin [87]. Subscripts: 
1 = water, 2 = PEG, 3 = Dx, 4 = Na+, 5 = PO~-, p = protein. 
The properties and FH model parameters of the proteins used in the case studies in 
Chapter :3, Sections :3.:3.1, are listed in Table B.4. 
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Properties Phosphofrutokinase Ovalbumin 
Overall Composition O.Ql vol% 0.01 vol% 
(volume fraction) 
Degree of polymerization 4500 100 
Interaction p;u·ameters Wl,p = 0, W2,p = 150, W3,p = 0 w1,p = O,w2,p = 150,w3,p = 0 
(.J·mol- 1 ) w4,p = -1000,ws,p = -3000 W4,p = 0*, Wo,p = 0* 
Table B.4: FH pm·ameters used for the phosphofructokinase and ov;tlbumin [87]. Subscripts: 
1 = water, 2 =PEG, 3 = Dx, 4 = Na+, 5 = POJ-, p = protein. *Note: our simplification 
clue to calculation stability. 
Here we assumed there were no interaction between the salt ions a.ncl ovalbumin to elim-
inate the instability in the LLE calculation clue to the scaling issue. 
The properties and FH model parameters of the proteins used in the case studies in 
Chapter :3, Sections 3.4.2, ;ue listed in Table B.5. 
Properties Phosphofrutokinase Ovalbumin 
Degree of 4500 100 
polymerization 
Interaction wl,p = O,w2,p = -l00,w3,p = 0 w 1,p = O,w2,p = O,w.J,p = -100* 
p;uameters w 4,p = -1000,w5,p = -3000 W<J,p = 1000*, W5,p = 3000* 
(.J ·mol- 1 ) 
Table B.5: FH p<uameters used for the phosphofructokinase and ovalbumin [87]. Subscripts: 
1 = water, 2 = PEG, :3 = Dx, 4 = Na+, 5 = PO~-, p = protein. *Note: our adjustments 
clue to calculation relevancy. 
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Here we adjusted the interaction p<u·ameter values to create a relevant scenario for our 
flowsheet simulation shown in Figure 3.3. Using these values, we had phosphofructokinase 
partitions into the top phase in Stage 1 and into the bottom phase in Stage 2, and ovalbumin, 
vice-versa. 
The properties and FH model parameters of green fluorescent protein and the lumped 
contaminants in the E.coli cell lysate used in Chapter 5 m·e presented in Table B.G. 
Properties Green Fluorescent Protein contaminants 
Molecuhu· weight 28000 400000 I 
Degree of polymerization 2 1.56 X 103 2.22 X 104 
Table B.6: FH pm·ameters used for green fluorescent protein a.nd the lumped contarninants 
. I E z· · 11 1 · N · 1 [162] 2 · - MWi m t 1e . co z ce ysate. 1 ote. , 1; - H',. 
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Appendix C 
Sequential Minimization of Gibbs 
Energy of Mixing for Flowsheet 
Simulation 
C.l Scaling 
Direct minimization of Gibbs energy for ATPES containing all components of aqueous 
polymers and polymer-salt system and proteins has higher tendency to break clown without 
converging to a solution or giving inaccurate solutions. This is because there is a wider range 
of degrees of polymerization, interaction parameters and compositions which the weighting 
factors must be applicable. The scaling effort that able to solve this problem earlier now 
become an repetitive trial-and-error effort with exhaustive possibilities of combinations of 
weighting factors for all the components. \Vhile considering all the mentioned components 
which are seven in total, many more trials luwe been run to come up with good weighting 
factors that give high convergence rate and consistent solutions over a range of compositions. 
Here is an example of a scaling effort clone is the basis of the degree of polymerization of 
the components. The objective function of the Gibbs minirnization approach is reforrnulatecl 
using weighting factors that are expressed in terms of 6.~,.~ and T;. 
1 (C.l) 'Wi = --....,-----------------~---, 
Tj' . ( ( 6./l.:op-p/wse)" + ( 6.p~ollom-plwsc) b) r: 
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where wi is the weighting factor in Equation (2.12) for component i, n, a., b and c are 
integers. Figure C.1(a) plots the liquid-liquid equilibrium (LLE) compositions calculated 
using the Gibbs minimization approach using Equation (C.1) as the weighting factors with 
a. = b = c = n = 2. The plot shows inconsistencies in terms of the slope of the tie lines, 
the calculated compositions of the top and bottom phases and the convergence rate. The 
partition coefficient values plotted in Figure C.1 (b) are not consistent within the range 
investigated. This means the solutions obtained from the minimization approach that are 
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Figure C.l: The phase diagram and the partition coefficient values obtained when calculat-
ing the LLE compositions in the water-PEG6000-DxT500 system using the weighting factors 
in Equation (2.12). (a) Phase diagram (b) Partition coefficient of phosphofructokinase. 
\Ve expanded much effort in the attempt to establish a correlation between the properties 
of the components and their weighting factors in the objective function. Some of the 
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weighting factors attempted m·e listed in Equation (C.4). 
1 (C.2) 
1 
( ( c:,,,~op-phase r + ( c:,,,~ollom-phase r) (C.3) 
1 (C.4) 
( ( </J:op-plwse)" + ( </J~oUom-phase) b) 
\Ve were able to reduce the effect of the scaling problem and calculate the LLE compositions 
in seven-component ATPES by minimizing the Gibbs energy of mixing difference of the 
system sequentially. The new approach calculated the LLE compositions by assuming 
the presence of phase-forming components, keeps then1 constant and calculates the LLE 
compositions for all other components. 
C.2 Weighting Factors 
The weighting factors for the Gibbs energy of mixing minimization approach for water-
PEG6000-DxT500 system containing Na.:lP0,1, phosphofrutokim1se and ovalbumin are listed 
in Table C.2. 
Table C.2 lists the weighting factors for t.he Gibbs energy of mixing minimization ap-
proach for water-PEG6000-Na:3P04 system containing DxT500, phosphofrutokinase and 
ovalbumin. 
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C.2 WEIGHTING FACTORS 
Components Weighting Factors for Weighting Factors for 
Initial Minimization Full Minimization 
water w-3 1 
PEG6000 w-3 1 
DxT500 w-3 1 
Na+ - 1 
po3-
4 - 1 
target protein - w-' 
contaminant - w-' 
Table C.1: The weighting factors of each component calculated for the LLE calculation 
based on the sequential Gibbs energy of mixing minimization approach for water-PEG6000-
DxT500 system containing Na:3P04 , phosphofrutokinase and ovalbumin. 
Components Weighting Factors for Weighting Factors for 
Initial Minimization Full Minimization 
water w-' 1 
PEG6000 w-' 1 
DxT500 - 1 
Na+ w-' 1 
P0'3-4 w-' 1 
target protein - w-'J 
contaminant - w-3 
Table C.2: The weighting factors of each component calculated for the LLE calculation 
based on the sequential Gibbs energy of mixing minimization approach for water-PEG6000-
Na:3P04 system containing DxT500, phosphofrutokinase and ovalbumin. 
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Appendix D 
Fitting for Interaction Parameters 
D.l Method 
Here we present the methods attempted to fit experimental LLE data to obtain the inter-
action parameters between the components in the ATPES containing E. coli cell lysate and 
rGFPuv. \Ve also listed the values of parameters obtained using each approach and the 
average relative deviation between the LLE compositions calculated using the Gibbs energy 
of mixing minimization approach with the empirical LLE compositions. 
D.l.l Linear Fit of Partition Coefficient of rGFPuv 
The expression for the partition coefficient for rGFPuv is extended h·orn the Flory-Huggins 
[-52, 77) expression for its chemical potential difference between the phases (Equation (2.8)). 
For the calculation for the aqueous polymer mixture system, subscript ·i. = 1 denotes water, 
2 for PEG6000, 3 for DxT500, 4 for rGFPuv and 5 for contaminants. For the calculation 
for the aqueous polymer-salt system, i = 1 indicates water, 2 for PEG6000, 3 for N a+ ions, 
4 for PO;~- ions, 5 for rGFPuv and 6 for contarninants. 
Using Equation (2.5), we formed the equilibrium expression for rGFPuv and manipulated 
the expression to get find the logarithm of its partition coefficient, In Kp. Here the subscript 
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(_!jJ_) ( ~ 6.¢ .. w . + R T L 1 p,J 
j=l(j;fr>) 
7lt 6.¢ . 
. ,. """_J 
PL.., T· 
j=l J 
Here 6. denotes the difference in quantities of the components between the phases. 
Using Simplified Expression At Infinite Dilution 
(D.l) 
Johansson et al. [87) proposed a physical interpretation for the expression for In J(P (Equa-
tion (D.l)) at infinite dilution of rGFPuv by assurning q,~op-ph.a.sc = q,~ottom-plwsc = 0 and 
( 




(RTpT) """ """ L L 6.(</>j. <Pd. Wj,k 
j= l(j;fr>) k=j+l(k;fp) (D.2) 
where ·n is the total number of molecules in the phases, p is the number of lattice sites in 
the phases and V is the volume of the phases. 
The first two terms describe the enthaJpic contribution to rGFPuv partitioning and third 
term denotes the entropic contribution. The first term is the difference in energy of the 
phases attributed to the enthalpic interactions between all components other than rGFPuv, 
or in other words, the difference in enthalpy of formation of the phases divided by the 
number of lattice sites in the phase. The second term quantifies the energy difference 
between the phases clue to all binaJ·y interactions between rGFPuv and other components 
in each phase, or rather between the lattice site belonging to rGFPuv to an average lattice 
site of the phase. The entropic term captures the difference between the phases in the 
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number of molecules per unit volume or the number density. Here the entropic contribution 
is obtained by assuming (a) ( nb) (~) r, NJ p VJ (D.3) 
where subscript p denotes rGFPuv, superscript .i indicates the phase and Ni is the total 
number of lattice sites in phase j. 
In our first attempt, we used Equation (D.2) to represent In J(P in the fitting task. The 
first step was to express Equation (D.2) in matrix form in term of the interaction p<u·ameters 
A·w = y (D.4) 
where A is a a-by-b matrix of rnultipliers of the interaction parameters, w is a b-by-1 matrix 
of the interaction parameters <md y is a lumped scahu· of known values, a is the number of 
data sets representing the number of ATPES we have and b is the number of p<uameters. 





A'= 11( rP2cP3) W2.3 w= (D.5) 
-/1¢2 W2.4 
11( cP2¢s) w2,5 
- 11¢:J w3,4 
11(¢3¢5) W:J,5 
-11¢s w4,5 
R T ( . ( 1·,) ( n ) ) y = -- In 1\ , - ~ 11 -
·r I p V p 
(D.6) 
Here ·i. = 1 is for water, 2 is for PEG6000, :3 for DxT500, 4 for rGFPuv and 5 for conta.mi-
na.nts. o. is 6, b is 10, p is 4 and ·tn. is 5. 
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vVe solved for the pMmneters usmg the linc,u· least squares function implemented in 
l'viatlab )80) in the form 
(D.7) 
vVe fitted the interaction pm·ameters for the aqueous polymer-salt system using the em-






6( rP2rP3) w2,3 
6(¢2¢4) W2,4 
A'= 
-6¢2 w= w2,s (D.S) 
6(¢2</>6) W2,6 






y is the same as (D.6), however i = 3 indicates JVa+, 4 is Po;;-, 5 is rGFPuv and 6 is 
contaminants instead. a is 6, b is 15, p is 5 and m. is 6. In this work, the interaction pa-
rameters between water and rGFPuv, between water and contaminants, between PEG6000 
and rGFPuv a.nd between PEG6000 and contaminants were set as the values calculated by 
fitting data set 1. The inten1dion parameters between water and PEG, and between each 
and Na+ and Po;:- were fixed as the values proposed by .loha.nsson el oL )87). 
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Interaction Fitted Using Fitted Using .Johanssonet al. 
Parameters All Data Selected Data [87] 
(.J·moi- 1) (for rG FPuv) (for rGFPuv) (for PFK) 
water-PEG6000 2568.9 -240.6 100 
water-DxT500 2111.1 0 0 
water-target protein 1159.9 851.0 0 
water-contaminants 0 0 -
PEG6000-DxT500 -1542.8 0 245 
PEG6000-ta.rget protein 2202.4 0 -100 
PEG6000-contarninants 0 0 -
DxT500-target protein 1146.2 -508.0 0 
DxT500-contaminants 0 0 -
target protein-contaminants 0 0 -
Table D.l: Comparison between the interaction parameters calculated using the linear fit 
of In I<P using all the data collected and selected data with those of .Joh~tnsson el al. [87]. 
PFK = phosphofructokinase. 
The values of all the interaction parameters obtained are listed in Table D.l. \Ve can see 
th~tt by choosing to fit all data or fit selected data, the values obtained are very different 
from each other and even have opposite signs. This indicates that the expression used 
may not able to capture the thermodynamic behavior or that there is not enough empirical 
data. The calculated values using all the data, that are reported in column one ofT~tble D.1, 
indicated that there are repulsive interactions between water and PEG, Dx and rGFPuv 
which is not correct as PEG and rGFPuv <Ue soluble and hydrophilic. PEG is indicated to 
be <lttracted to Dx, which is the opposite of the fact. The rest of the p<muneters cannot be 
compared as they are for different proteins. 
However, we tested the accuracy of the pa.rarneters by using the111 to ca.lcuhte the LLE 
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compositions using the Gibbs energy of mixing minimization approach. The comparison 
between the compositions calculated and the empirical compositions are shown in Figure 
D.l. \~ie can see that there are large deviations between the two in terms of the tie line slopes 
and the phase compositions, as high as 1000%. A more detailed comparison is presented 
in Table D.5. \Ve saw the same scenario in the LLE compositions calculated for ATPES 
type 2 when using the parameters obtained from this fitting work. \Ve believe the deviation 
originates from the different expressions and method used to fit the parameters and to 
calculate the equilibrium compositions. We next tackled the problem using Equation (D.2) 
to fit the data. 
0.2,---.----.-----.------,--r=:':====o========j] 
*calculated LLE compositions 
0 mixture compositions 
"~"empirical LLE compositions 







Figure D.l: Comparison between the empirical and calculated phase compositions for the 
water-PEG6000-DxT500 systems when using the interaction parameters obtained using 
linear fit of In Kp with the simplification of infinite dilution. 
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D.1.2 Using Complete Expression 
In this work, no assumptions were made on rGFPuv concentration and the full expression 
for In KP as expanded in Equation (D.l) wa.s considered to fit the data in order to solve for 
the interaction parameters. 
In the same ma.nner, the multipliers of the interaction p<uameters were transformed into 






A'= -!:::.¢2- f:::..(¢2¢,1) 





y = -.- lnl\p- .,.P L ~ R T ( .. .,, !:::..¢.·) 
1p j=l 'J 
(D.!J) 
(D.lO) 
w is the same as (D.5). Similarly ·i = 1 is for water, 2 is for PEG6000, :3 for DxT500, 4 for 
rGFPuv and 5 for contaminants. a. is 6, b is 10, pis 4 and n1 is 5. 
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For the fitting of the p;u·ameters in the aqueous polymer-salt systern, we use 
D.( q,, ¢2) 
f::J.(¢1 ¢3) 
f::J.(¢1¢,1) 













and w is the same as (D.S). Subscript i = :l indicates Na+, 4 is PO~-, 5 is rGFPuv and 6 
is contaminants. Expression for y is the sarne as Equation (D.lO) with m. equals 6 and p 
equals 5. For this case, a. is 6 b is 15. 
The fitting using t.his expression gave similar results: over 1000% deviation in bottom-
phase compositions. The assumptions about rGFPuv concentration didn't affect the so-
lutions, indicating that the problem didn't originates from the expression used but rather 
from the differences in methods used to fit and to calculate the equilibrium cornpositions. 
However, before proceeding to use a different method, another expression was used - chem-
ical potential differences of each components as the problem may originate from the lack of 
data. 
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D.l.3 Using Chemical Potential Differences of All Components 
The equation we derived for this fitting task that is based on the chemical potential differ-
ences for each component is the same in both phases at equilibrium. Thus A is a matri:x 
of dimension k-by-1 where k is the number of components and l is number of interaction 
panuneters. 
il<h - Cl(¢, </>2) Cl¢,- Cl(¢1¢2) -Cl(¢1¢2) -Cl(¢1¢2) -Cl(</>J</>2) -Cl(¢1 ¢2) 
Cl¢3- Cl(¢1¢3) -Cl(¢1¢:!) Cld>, - Cl(¢, ¢3) -Cl(¢, ¢3) CJ.¢, - Cl(¢1¢3) -Cl(¢,¢3) 
c,.,p,,- il(d>J¢4) -Cl(¢,¢.1) -Cl(¢1¢4) Cl¢, - Cl(¢,¢.1) -Cl(¢1¢4) -Cl(¢,¢.1) 
Cl¢o- Cl(¢,¢r.) -Cl(¢,¢o) -Cl(¢,¢r,) -Cl(d>, ,p,,) -Cl(¢1 ¢s) Cl¢,- Cl(¢1¢r.) 
AJ= -Cl(¢2¢3) Cl¢3 - Cl(¢2¢3) Cl¢2 - Cl(¢203) -Cl(¢2¢3) Cl¢2 - Cl(¢24>3) -Cl(¢2¢3) 
-Cl(¢z¢.J) Cl¢4- Cl(¢2¢4) -Cl(d>2¢4) Cl¢2 - Cl(¢2¢.1) -Cl(¢2¢.1) -Cl(¢204) 
-Cl(d>2</>o) Cl¢5 - Cl(¢2¢5) -Cl(¢2¢r.) - Cl ( </>2 </>r.) -Cl(¢2¢5) il¢2- Cl(¢2¢s) 
-Cl(¢3¢4) -Cl(¢3¢•1) Cl</>4- il(<b3d>4) Cl¢3 - Cl(¢:~¢.1) Cl¢., - Cl(¢3¢,1) -Cl(¢3¢,1) 
-Cl(¢3¢t.) -Cl(¢3¢r,) Cl¢5- Cl(¢:.¢s) -Cl(¢3¢5) Cld>5 - il(d>3¢r,) Cl¢:.- Cl(¢:.</>r.) 
- Cl (a..,¢,,) -Cl(¢.,¢r.) -Cl(,p,,p,,) c,.,p,,- Cl(d>,,¢,,) - Cl ( ¢., d>r.) -Cl(¢.,¢,,) 
(D.I2) 
RT ( Cllnd>1 _ 2..:'" Cl</>;) 
1'1 l .,.i 
RT ( Cllnd>2 _ L rn Cl</>;) 
7'2 1 l"i 
y= (D.l:3) 
R T ( illn¢,, _ "'"' c,.,p,) 
r!:, L ....... rt ,.1 
Table D.2 lists the values of the interaction parameters obtained when fitting using this 
method. From the values, there is no interaction between water and PEG, not as suggested 
by .Johansson et al. [87). Instead, there is a repulsive interaction between water and Dx. 
The interaction parameter between PEG and Dx indicates interaction of the same nature 
i.e. repulsion, but with deviation of one order of magnitude. 
Clearly, using this method to fit all the data ;wailable or fit only selected data gave sirnilar 
values for the interaction p;uameters. This suggests that the issue may not corne frorn the 
experirnental data or rather the lack of them. 
\Vc next. tested the values obtained by caJculating the LLE coinposit;ions 111 the s(-une 
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Interaction Fitted Using Fitted Using .Johanssonet al. 
Paran1eters All Data Selected Data [87] 
(.J·mol- 1) (for rGFPuv) (for rGFPuv) (for PFK) 
water-PEG 6000 0 0 100 
water-DxT500 594.1 545.2 0 
water-target protein 0 0 0 
wa.ter-conta1n incu1ts 0 0 -
PEG6000-DxT500 79.6 87.6 245 
PEG6000target protein 0 0 -100 
PEG6000-contaminants 0 0 -
DxT500-target protein 172.7 178.1 0 
DxT-500-contarninants -225.8 -208.4 -
rGFPuv-conta.mina.nts 0 0 -
Table D.2: Comparison between the interaction panuneters calculated using the linear fit 
of 6.j.t; using all the data collected and selected data with those of .Johansson et al [87]. 
PFI< = phosphofructokinase. 
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manner. Simihuly with the the previous attempts, the fitting gave large relative residuals; 
a little over 1000% for LLE corn positions and on the order of four for In Kp. The higher 
error in the partition coefficient value rnay be caused by the fact that as more components 
are considered, more error is accumulated, compared to the residuals from the previous two 
methods that considered rGFPuv alone. In this work and the previous one, the same method 
linear fit is used, and the expressions used for In f{P and l:J.JL; were derived from the same 
equation i.e. Equation (2.1), hence giving the same rnagnitude of error. vVe next attempt 
to change our approach completely; fitting the interaction parameters by implementing the 
LLE calculations using Gibbs energy of mixing minimization. 
D.l.4 Residual Minimization 
\Ve integrated our LLE calculation approach into the fitting work by minimizing the dif-
ferences between the empirical and the calculated LLE compositions. \Ve constructed the 
problem as an NLP and solved it using the simplex sear·ch method [109] implemented in 
i'vlatlab [80]. 
mm 
( . . )2 J J 
. . "" c/Ji,exp- c/Ji,mindC: 
resuhw.l = 0 0 -'----~. -----'--
j 1Jt,c:~.;p 
(D.14) 
s.t. <f{mindC = !vlindG(w;j) (D.1.5) 
V i = 1, ... , n.( component), j = top or bot torn phase 
Here the objective function was the residual and the variables were the interaction pa-
rameters, Wi,j· The function '?viindG' in Equation (D.14) represents the LLE composition 
calculation. Due to the set up of the Gibbs energy of mixing minimization approach, we 
fitted the data sequentially; we performed fitting of the LLE chtta for the pure ATPES 
and obtained the interaction parameters between the phase-forming components, next we 
locked these parameters when fitting the LLE data. including rGFPuv and contaminants to 
find the other interaction parameters. This sequential fitting process is illustrated in Figure 
5.22. 
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Components Weights Weights 
for Initial Minimization for F\111 Minimization 
water 10-3 I ' 10-5 2 1 
PEG6000 10-3 I ' 10-5 2 1 
DxT500 10-3 I 1 
Na+ 10-5 2 1 
po:l-
4 
10-5 2 1 
rGFPuv - 10 1 I 10-:l 2 
' 
contaminant - 102 I Io-2 2 
' 
Ta.ble D.3: The weights of each component calculated for LLE calculations for rGFPuv 
extraction for the initial and full Gibbs energy of mixing minimization steps. Note: 1 for 
aqueous polymer-1nixture systern, 2 for aqueous polymer-salt system. 
The absolute errors used for the objective function and the variables were 1.0 x 10-'1 
(vol/vol) and 1.0 x 10-'1 .J ·mol-l, respectively. As the LLE calculation is integrated into the 
fitting work, the scaling of the Gibbs energy of mixing minimization problem was performed 
first. This made the calculation more complex and long as it is performed manually. The 
weights calculated for the LLE calculations for Equation (2.12) for rGFPuv extraction using 
ATPES for the initialization and full Gibbs energy rnini1nization steps are presented in Table 
D.3. 
The results obtained frorn fitting for the aqueous polyrner-rnixture system are presented 
in Table D.4. 
The values obtained were of the sarne order of rnagnitude, and posses the same sign as 
the parameters used by Johansson et al. 187] except for the interaction between water and 
PEG6000. The sign of this value indicates that the interaction is of attractive nature as 
opposed to that used by .Johansson et ll.l. 187]. This represents the actual scenario where 
PEG6000 is hydrophilic and is soluble in water. The difference in signs may due to the 
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Interaction Fitted Johansson et al. [87] 
Parameters (J·mol- 1) (for rGFPuv) (for PFK) 
water-PEG6000 -338.33 100 
water-DxT500 009 0 
PEG6000-DxT500 443.56 245 
Table D.4: Comp<uison between the interaction parameters calculated using the residual 
minimization approach with those of .Johansson et al. [87]. PFI< = phosphofructokinase. 
protocol of how the interaction energies (that were converted into interaction parameters) 
were rnea.~ured . .Johansson et al. determined the values front ]ow-angle light scattering data 
reported by Haynes [68] and from differential-vapor-pressure data presented by Haynes et al. 
[69]. The rnethod of determining the parameters from the data and the condition where the 
rneasurements were performed are different compared to the scenario that we are capturing. 
The reported data was collect-ed in the presence of only the two involved species but we are 
cotnpa.ring those to our data on the LLE in the presence of DxT500. 
Similarly with the values used by .Johansson et al. [87], the calculated values in Table D.4 
indicate that there is almost negligible interaction between water and DxT500, a.nd there 
exists a repulsive interaction between PEG6000 and DxT500. \.Ye next used these values 
(D.4) in our LLE calculations using the Gibbs energy of mixing minimization approach. 
The relative deviation in the phase compositions obtained by using this and the previous 
methods are listed in Table D.5. The residua.! minimization approach gives the smallest 
deviation in the LLE compositions for water-PEG6000-DxT500 system. \Ve 11ext fitted the 
experirnenta.l data for the interaction parameters between these components and rGFPuv 
and contaminants. \Ve performed this by keeping the values obtained above as constants 
and minimized the residual between the phase cornpositions by including rGFPuv and 
contaminants. However, the approach gives equal values for both which do not produce 
the same pn.rtition coefficients for rGFPuv and contaminants as the empirical values. This 
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ATPES Phase Linear Fit of In KP Linear Fit of tl.tti Residual Min 
PEG(%) Dx (%) PEG(%) Dx (%) PEG (%) Dx(%) 
1 top 18.5 98.8 22.6 98.8 9.0 99.9 
1 bottom 812.6 32.3 799.1 33.4 0.04 0.8 
2 top 14.1 99.9 18.0 99.9 11.1 99.9 
2 botton1 664.3 16.1 625.3 20.4 66.1 0.2 
3 top 12.9 98.3 16.4 98.2 11.4 99.9 
3 bottom 470.6 30.9 458.7 32.:3 48.4 7.6 
4 top 35.6 99.9 43.2 99.9 29.0 99.9 
4 bottom 251.2 18.7 240.3 21.2 79.6 3.0 
5 top 23.8 98.7 30.7 98.6 10.9 99.8 
5 bottom 486.9 26.9 474.:3 28.5 52.5 :3.9 
6 top 24.8 95.7 30.2 95.5 1:3.2 99.7 
6 bottom 1063.0 36.2 1044.7 37.2 19.2 10.1 
Table 0.5: The relative deviations in the phase compositions in percent between the LLE 
compositions calculated using the Gibbs energy of mixing minimization approach using 
the interaction parameters obtained using the linear fitting and residual minimization ap-
proaches with the empirical LLE cornpositions. 
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is because the weights used to reduce the scaling issue in the LLE calculations m·e static 
values that arc working for limited range of interaction parameters and compositions, hence 
making the search for the interaction panuneters unsolvable. \Vc need to know the values 
of the interaction parameters to calculate the weights, and vice versa. 
Our next effort was to enumerate the interaction p<u-amcters within the ranges comparable 
to the values used by .Johansson et al. [87] and correcting the weights at the same time. 
This approach is described in Chapter 5. 
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